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PREFACE

To date, the U.S. planetary exploration program has included two

fly-by spacecraft that have made observations of Venus: Mariner 2
(1962) and Mariner 5 (1967). The Mariner Venus/Mercury 1973 fly-by

is the only cur'rently approved mission to continue exploration of

this mysterious, cloud-covered planet. For several years, the
scientific community has advocated continued exploration of Venus

using a series of low-cost probe and orbiter missions launched at

successive opportunities. Detailed studies of this Planetary
Explorer/Pioneer-Venus Concept have proceeded to the point where

NASA is now planning an FY'74 program start which will permit a
multiple-probe mission to be launched in the 1976/1977 launch

window and an orbiter mission to be launched at the 1978 oppor-
tunity. In concert with these plans, NASA selected a Pioneer-
Venus Science Steering Group (SSG) in January 1972.

The SSG, meeting with Pioneer-Venus Project personnel over the

period February through June 1972, developed in great detail the
scientific rationale and objectives of these early missions.

Candidate payloads and spacecraft targeting strategies were also
developed based on current knowledge of spacecraft configurations,

capabilities and constraints. Although these latter factors will
no doubt be altered somewhat during the Phase B design studies to

be conducted during the period October ]972 through July 1973, the
candidate payloads and measurement criteria developed should be a

useful guide both for the Payload Selection Committee which will
select experiments and experimenters during the latter part of this

year for the multiple-probe mission and for the Phase B contractors.

This document is the final report of the SSG and contains a summary
of the findings of the Group. Chapter 1 retraces the history of the
Pioneer-Venus program and outlines the basic issues and background
information required to understand ti_e rationale behind the SSG rec-
ommendations. Chapter 2 contains a detailed exposition of the 1976/
1977 multiple-probe mission and Chapter 3 contains in somewhat less
detail the findings associated with the 1978 orbiter mission and a
brief discussion of a follow-on 1980 mission. The appendices con-
tain detailed technical data intended to amplify some of the major
recommendations contained within the text.
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Chapter1

INTRODUCTION

EARLYHISTORY

Thehistory of Pioneer-Venusbeganin 1967whena consortiumof scientists
wasformedto explorethe feasibility of a simpleentry probefor the studyof
the Venusatmosphere.A studycontractwith the AVCOCorporationwassponsored
by GoddardSpaceFlight Center(GSFC)with the scienceconsortiumadvisingon
thegoals, objectives,andpossibleinstrumentationfor suchentry probes.

In 1968an in-housestudywasinitiated at GSFCto studythe feasibility
of smallplanetaryorbiters usingExplorer(IMP)technologyandthe Deltalaunch
vehicle. Thespacecraftwascalled thePlanetaryExplorerin this study.

GSFCissuedthe PlanetaryExplorerPhaseATechnicalPlanin October1969.
This report endorsedthe feasibility of Delta-launched,spin-stabilizedorbiters
for missionsto the terrestrial planets. Duringthe sameyear, GSFCsponsored
a contractstudywith AVCOCorporationfor a DeltaClassVenusProbemission.
At theendof 1969,NASAHeadquartersrecommendedthe mergerof the DeltaClass
VenusProbeandthe PlanetaryExplorerorbiter. This led to the conceptof a
Universal Bus; i.e., a spacecraft design that could be used either to deliver
multiple entry probes into the atmosphere of Venus or to orbit the planet. The
study by AVCO and the in-house effort at GSFC established the feasibility of
the Planetary Explorer concept, as shown in the GSFC Phase A Report and Univer-
sal Bus Description (May 1971). In accord with recommendations of the NAS
Venus Study and the NAS Priorities Study (1970), the Planetary Explorer Mission
sequence included a dual multiple-probe mission followed by an orbiter and then
a second entry-probe mission. For programmatic reasons, the originally con-
ceived multiple-probe mission for the 1975 launch opportunity had to be defer-
red to the 1976/77 launch opportunity.

CURRENT STATUS

In 1971 the Planetary Explorer Study was terminated at GSFC and reinsti-

tuted as Pioneer-Venus at Ames Research Center (ARC). The Pioneer-Venus Study
team was organized at ARC in January 1972 with the tasks of initiating the
Phase B effort, the System Definition Phase, and assistinq the Science Steer-
ing Group in the definition of the scientific instrument payload.

The Pioneer-Venus Science Steering Group was established by NASA to enlist
wide-spread participation of the scientific community in the early selection of
the science requirements for the Pioneer-Venus missions. The opportunity to
propose for participation in the planning effort was announced 1 July 1971.
Proposals were evaluated by customary NASA procedures and the Science Steering
Group was formed in early January 1972.



Thetasksassignedto the ScienceSteeringGroupwere:(I) Definition of a
typical payloadfor the first probemission(1976-77);(2) Recommendationof
strategyandobjectivesfor the orbiter and/orprobemissionsfor the 1978and
1980opportunities;and(3) Identification of lonqleadtimeandcritical ex-
perimentdevelopmentitems, andthenecessarysupportinqresearch.

Followingthe SSGactivities will be theissuanceof theAnnouncementof
Flight Opportunities(AFO)in Auqust1972. Thesciencepayloadfor the initial
dual-probemission,January1977,will beselectedbyJanuary1973. Somelong-
leadtimedevelopmenthasalreadybeeninitiated.

All of theseactivities arepreliminaryto prenarationfor theproposed
programstart in January1974. Approvalof the project at that timewill sig-
nal the ExecutionPhasewhichwill culminatewith the dual, multiple-probe
flight missionsin January1977,the orbiter flight missionin August1978,
andthe follow-onflight missionin 198Q.ProjectManaqementwasestablished
at AmesResearchCenterasanextensionof the presentPioneerProgram.A
contractwill beawardedto oneof the studyteamsfor snacecraftdesignand
development.

TheDelta2914launchvehiclewill beusedwith trackinQanddataacqui-
sition supportprovidedbythe 26-meterand64-meterantennasystemsof the
DeepSpaceNetwork(DSN).Missioncontrol andoff-line data recordprepara-
tion will beperformedin thosefacilities establishedto supportthe Pioneer
6, 7, 8, 9, I0, andGflight missions.

Internationalcooperationhasbeensuggestedfor thePioneer-Venusmission
series. Initial planninghasthereforebegunto determinethe feasibility of
cooperatingwith ESROfor the orbiter mission,but sDecificagreementshavenot
beenmadeat this time.

1970NASVENUSSTUDY

ThePioneer-VenusScienceSteeringGroupbasedits workon the NASVenus
Study(June1970). This studydevelopeda scientific programfor the magneto-
sphere,the upperandloweratmosphere,andthesolid surfaceof Venus.The
studyproposeda continuingprogramusingrelatively lowcost spinningspace-
craft launchedonDeltarockets.

In the courseof the SSGdeliberations,thesciencerationalein theNAS
VenusStudyreporthasbeenre-examinedin detail; wefoundit unnecessaryto
makeanysignificant modifications. Althouqhour knowledgeof Venushasad-
vancedin the past twoyears, themajorresearchareasidentified in the report
will remainvital andimportantfor a longtimeto come.TheSovietsuccesses
in this field andtheir relationshipto the NASVenusStudyareconsideredin
the nextsectionof this report.



Theapproachof the NASVenusStudyemphasizesthe essentialcomplexityof
planetaryphenomena;nophenomenoncanbeunderstoodby itself. Measurements
of manyrelatedquantitiesmustbemadesimultaneouslyat different altitudes,
andoften at widelydiffering locations. In circumstancesof suchcomplexity,
a continuingprograminvolvingprobesandorbiters is anextremelypowerful
approach.Toillustrate this proposition,wehaveanalyzedthe probablesuc-
cessof probesandorbiters in termsof 24 "First Order"ScienceQuestions.
It mustbeemphasizedthat the separationinto first-order questionsis arbi-
trary andis donesolely to providea basisfor comparisonbetweengroundlevel
measurements,Mariners2 and5, the wholeVeneraseries, Pioneer-Venusprobes
andorbiters, andthe Venus/Mercuryfly-by. Pioneer-Venusis not a transport
systemfor the sakeof independentinvestigations. It is intendedto address
itself to a fewgrandquestionsaboutthe planet. Theselectedexperiments
will supportandcomplementeachotherto this end. Detailsof the analysis
are givenin AppendixI, whereit is shownthat theanticipatedincreasesin
knowledgefromPioneer-Venusprobesandorbiters greatly exceedthoseachieved
or expectedfromothersources.

TheNASVenusStudydirectly addressesthe question:"whyexploreVenus
now?"It pointsto the greatadvancesin planetarysciencein recentyearsand
our increasingunderstandingof fundamentalproblemssuchasthe origin of life
andthe origin of the solar system.Becauseof the ubiquitousclouds,weknow
almostnothingaboutVenusbelowthe cloudtops. If our knowledgeof the solar
systemis to advanceevenly,werequirea moreintenseresearcheffort on this
planet. In addition, the results of this researchcanaddto our knowledgeof
Earth. Therelatively advancednatureof theoreticalworkmeansthat a rapid
advancein knowledgeshouldbepossiblewith a limited numberof direct measure-
ments.

Westronglyendorsetheseviews,whichareat least astrue in 1972asthey
werein 1970. WeshouldexploreVenusnowbecauseof its novelty, its impor-
tanceto morethanonebranchof science,andbecauseit is feasiblewithin the
frameworkof a relatively economicalprogram.

SOVIET,U.S.,ANDESROPROGRAMS

TheSovietcontributionto the scientific explorationof Venusis summa-
rized in TableI. Thesedatawerecompiledfroma recentdocumentpublishedby
the Library of Congress,"SovietSpacePrograms,1966-70,Staff Report,Senate
DocumentNo.92-51." TheVeneraseries includesonly thosespacecraftthat
escapedfromtheEarth'sgravitational field andachieveda Venustrajectory.

On27March1972,the RussianslaunchedVenera8, weighing1180kg, the
sameasVenera7. It is believedto becarryingexperimentsto measureatmos-
pheric temperatureandpressureandto analyzetheVenusiansoil, apparently
with anX-rayfluorescencedevice.

Subsequentto the flight of Venera7, the SpaceScienceBoardaskeda
panelunderthe chairmanshipof ProfessorThomasM.Donahueof the University
of Pittsburghto reassessthe recommendationsof the NASVenusStudyin light
of the successfullandingof Venera7.



TableI. SovietVenusFlights

LaunchDate

12Feb.1961

12Nov.1965

16Nov.1965

12June1967

5 Jan. 1969

I0 Jan. 1969

17Aug.1970

Name

Veneral

Venera2

Venera3

Venera4

Venera5

Venera6

Venera7

Weight
(kg.)

644

963

960

1106

1130

1130

1180

Results

Communicationsfailed at 7,600,000km
fromEarth, Feb.27. PassedVenusat
I00,000kin,May19, 1961.

Communicationsfailed beforearrival.
PassedVenusat 24,000kmonFeb.27,
1966o

Communications_=ailedbeforearrival.
StruckVenus450kmfromcenterof
visible disk, r!ar. l, 1966.

Measurementsof Venusreturnedboth
frombusandfromatmosphericprobe
probablywithin 25kmof the surface.
Providedthemostdetailedprofile yet
of atmospheric composition, pressure,
and temperature. Bus burned in atmos-
phere. Capsule had parachute.

Measurements of Venus returned both
from bus and from atmospheric probe
which refined the data of the previous
flight but which also ceased signals
before reaching the surface.

Measurements of Venus returned both

from bus and from atmospheric probe
which refined the data of Venera 4,
but which also ceased siqnals before

reaching the surface.

Measurements of Venus returned from
bus and atmospheric probe strengthened
to achieve the continuing mission. Was
success in landing, returning 23 min.
of data from the surface.

To quote from that report:

"...The panel has been asked to address itself to two
specific questions:

l ° "Do the results obtained by Venera 7 in any way
alter the program of study recommended in the
1970 Space Science Board report?



2. "Has this Soviet success demonstrated a capacity
and a will for Venus exploration in the Soviet

space program strong enough to warrant leaving
Venus to the Russians while the United States

more intensively develops other space programs?

"Our answers to both questions are "no". The Planetary

Explorer program recommended in the Venus study would be
a well-articulated, intensive study of the planet designed

to attempt to answer a list of first-order questions. Among
these are the number, thickness, and composition of the

cloud layers; the nature of the circulation; explanation of

the high surface temperature; the reason for the lack of

water and the remarkable stability of the CO 2 atmosphere;
the nature of the interaction of the solar wind with the

planet; the elemental composition of the surface; the
distribution of mass and magnetic field strength; and the

measurement of seismic activity. Venera 7 was a highly
specialized probe designed to perform only two functions --

to measure atmospheric temperature and pressure down to the

surface of Venus. It succeeded in obtaining the temperature
and confirmed the most widely held expectation -- that the

surface temperature is high. It has in no way changed the
conditions on which the Venus study was based or answered

any of the questions that Planetary Explorers are desiQned
to answer. We can find no reason, therefore, to recommend

changes in the scientific objectives set forth in previous
Board studies...

"We therefore urge that NASA follow the recommendations
of the 1970 Space Science Board Study as contained in

the report entitled, Venus: Strategy for Exploration."

After an independent study of the Soviet Venus Program, the SSG agrees
with this assessment of the Venera Program.

The past eleven years of Soviet exploration of Venus have produced "in

situ" measurements of the lower atmosphere such as pressure, temperature, den-
sity, and gross atmospheric composition. This information, along with that
from other sources, has been extremely valuable and allows for the optimiza-
tion of our payloads to meet the scientific objectives of the program.

The NAS Venus Study exposes a wide range of scientific problems on Venus
concerned with the magnetosphere, the upper atmosphere, the lower atmosphere,
and the solid planet. As with most areas of geophysics, new knowledge will
lead to new questions, new theories, and a need for further measurements. We
anticipate that, in the broad context oF the physics and dynamics of the solar



system,interest in Venuswill continuefor manydecadesandwill needresources
fromthe UnitedStates, the SovietandEuropeanspaceproqrams. It is not our
practicein otherfields of scientific endeavorto divide the field into areas
of exclusivenational interest, andthere is no reasonto considerthis course
in anareaso rich in problemsas Venus,particularly whenthe UnitedStates
capability in sophisticatedinstrumentationcanmakesucheffective contribu-
tions. Weseethe opportunityfor a real scientific collaborationin which
UnitedStates,SovietUnion,andESROprogramscanbuild uponandcomplement
eachotherwithin theagreementsfor collaborationthat havebeennegotiated
betweengovernmentsandnationalspaceprograms.Weareconfidentthat the
Pioneer-Venusprogramwill placethe UnitedStatesin the forefront of such
an internationalcollaboration.

THELOW-COSTPIOIIEER-VENUSCOr_CEPT

In 1968the NASstudyPlanetary Exploration: 1968-1975 recommended that a
need existed for modest, relatively low-cost missions to the planets. The first
priority recommended by this study was: "a program of Pioneer/IMP class spinning
spacecraft for orbiting Venus and Mars at each opportunity and for exploratory
missions to other targets." Since then, the concept of Delta-launched entry
probes and orbiters has become established in a universal bus concept.

The present report addresses itself to a three-mission set. In the con-
text of the NAS Venus Study recommendations, however, these must be viewed as
part of a continuing series of missions to Venus, preferably at each opportunity.

The advantaqes of a low-cost series lie in: (1) an orderly progression
from simple early experiments to more elaborate later experiments; (2) active
participation of many scientists from different disciplines by increasing the
opportunity for exploration; and (3) the flexibility whereby under fiscal con-
straints the program can be reduced in frequency without complete cutoff and
loss of experimenters.

As far as entry probe missions are concerned, the low-cost Pioneer-Venus
class offers all of the payload capability needed to answer the first-order
questions on the atmosphere of Venus. For orbiter and balloon type missions,
the Pioneer-Venus class spacecraft affords the opportunity to make major con-
tributions to our understanding of Venus. Larger spacecraft have been con-
sidered for Venus exploration; however, their increased capability is signifi-
cantly offset by the increased costs and the loss of the positive advantages
of a low-cost series, at least at the present stage of Venus exploration. As

more elaborate questions are asked, larger and more complex spacecraft may be
required, but the SSG strongly endorses the position of the NAS Venus Study on
the desirability of the low-cost Pioneer approach for the initial stages of
Venus exploration.

Besides using a spacecraft whose capability is not excessive for the mis-
sions, this low-cost approach includes the use of developed technology, the

simplest experimental concepts, judicious testing and quality control, and
avoidance of complex subsystems which tend to be expensive if they are to be
reliable. The Pioneer-Venus concept is therefore well suited to strict cost-
control.



COSTCONTROL

(Thefollowingstatementreflects the policy of the PlanetaryPrograms
Divisionof theOffice of SpaceSciencesandis fully endorsed by the Pioneer-
Venus Science Steering Group.)

The NAS Venus Study clearly recognized that the science value of its pro-
gram is strongly coupled to the cost of implementation. There are many demands
placed on the limited resources available for space science. The priority of
one mission, therefore, with respect to any other, is heavily dependent upon
the resources required to effect that mission, as well as to its intrinsic

science value. NASA's detailed cost estimate of the Pioneer-Venus Program,
consisting of the dual probe mission in the 1976/77 opportunity, the orbiter
in the 1978 opportunity, and a follow-on mission in the 1980 opportunity, in-
dicates that an absolute cost ceiling of $200,000,000* in terms of Fiscal Year

1972 dollars should be imposed on this program. This ceiling is in consonance
with the position taken by the NAS. It is the intent of NASA to manage the
program so that this cost ceiling will not be violated. The achievement of

this cost objective will demand cooperation and discipline by all of the par-
ticipants. The scientists involved in the program must play a vital role in
achieving the mission objectives within the cost constraints.

The program cost presented to the Space Science Board in 1970, by the NAS
Venus Study Group was $130,000,000. At that point, the program and the mission
were fairly well defined but, as stated in the Study report, "it must be borne
in mind that these figures are preliminary and reflect planning estimates
rather than contractual obligations". Moreover, this cost estimate assumed
that the bus would be fabricated in-house at one of the NASA Centers and hence
the development cost was not reflected in this total proqram cost. NASA's

present plan is to contract the development of the entire program to industry.
The cost increment as a result of this factor is estimated to be $25,000,000.
In the past year, NASA has altered the mode of charging for tracking and data
acquisition. A portion of the tracking and data acquisition costs are now
factored against each of the flight programs as opposed to the previous mode,
where NASA's Office of Trackinq and Data Acquisition assumed the total cost of
mission operations as a support function. The cost increment due to this factor
is $7,000,000. The apparent program cost, with these two factors included, is
therefore $162,000,000 as opposed to the original estimate of $130,000,000. It
must be stressed however, that this is not a program cost escalation, rather,
it is a bookkeeping shift where certain cost elements are now charged directly
against the flight project rather than as support functions in other elements
of the NASA budget. Since 1970, an inflation factor of 5.9% per year has been
experienced. Incorporating the effect of two years' increase, the estimated
program cost in Fiscal Year 1972 Dollars is therefore $182,000,000. This
estimate is close to recent detailed cost analysis based on the current defini-
tion of the program. An expenditure ceiling of $200,000,000 in FY 1972 dollars

is therefore fully consistent with the wishes of the 1970 SSB Priorities Study
for fiscal constraint in this program.

* From a cost analysis standpoint, a probe mission has been assumed for the
1980 Venus opportunity. Launch vehicles are not included in this estimate.



It is nowpertinent to considerthe stepswhichmustbetakento achieve
cost control duringthe ExecutionPhaseof theprogram.NASAis instituting
a competitiveSystemsDesignStudyto achievea detailed functinnaldefinition
of eachsubsystemelementin the spacecraftbusandthe probes. It is NASA's
hopethat the definition will beat the level of detail wherea price for pro-
curementmightbe fixed for the ExecutionPhaseof the program.Forthis pro-
curementmodeto beseriouslyconsidered,anequivalentlevel of detail in the
definition of eachprobeor spacecraftscienceinstrumentis necessary.

This impliesthat the only experimentswhichcanbeconsideredfor selec-
tion are thosewhichhavebeenfunctionallyprovenbyeither laboratorytesting
or flight experience.Furthermore,duringthe developmentof the sciencein-
struments,the interface betweenthe spacecraftor the entryprobesandthe
scientific instrumentcannotbealtered. It is NASA'sintent to establisha
firm scienceprocurementprice in the mannerusedfor procurementof the space-
craft system.Theseobjectivescanberealistically realizedin the follow-
ing manner.Thephysicalandfunctional interfacesbetweenthe probesand/or
spacecraftandtheexperimentwill benegotiatedbetweenNASAandthe Principal
Investigator. Theexperimentdesignmustbeestablishedto the level required
to rigidly specifya weightconstraint, anda volumeandformfactor constraint.
Furthermore,theexperimentfunctionalrequirementsmustbeestablishedto ac-
curatelyspecifythe powerrequirementsfor the experimentandto understand
completelythe interface betweenthe experimentandthedatasubsystem.An
ExperimentIntegrationGuidelinesDocumentwill bedevelopedjointly andco-
signedbythe experimenterandbyNASA.ThePrincipal Investigatormustagree
to develophis instrumentwithin the physicalandfunctional constraintsand
hemustfurther agreeto acceptthe scheduletermsanda negotiatedcost for
eachexperiment. It will thenbeNASA'sposition that no further fundin 9 will
be available to alter the spacecraft and experiment interface or the probe and
experiment interface or to provide additional funding for a given experiment.
The posture which must be taken by NASA in implenmntinn the cost guidelines de-
fined by the Space Science Board is that, if there is a conflict between incor-
porating a given experiment and exceeding the in,Dosed proqram cost ceiling, then
that experiment will be reduced in capability. A substantial proportion of the
instruments have capabilities considerably in excess of requirements.

INSTRUMENT FEASIBILITY

The SSG adopted a conservative approach to the instrument complement,

partly to avoid cost escalation in this area and partly because we found that
new developments were not required to achieve the mission objectives. The
following criteria were applied:

(I) An instrument should be known to have performed successfully in the
Earth's atmosphere; no novel measurement concepts were adopted.

(2) Wherever possible, instruments should have been qualified for space
or aircraft environment.

(3) If the instrument, or components of the instrument, have not been
tested in a space environment, it is essential that they be so simple and rugged
that their satisfactory performance can readily be proven in the laboratory.



PROPOSEDMISSIONSSEQUENCE

Thereport of the 1970NASVenusStudypresenteda detailedscientific
rationale for a four missionseries of launchesto Venusat consecutiveoppor-
tunities beginningin 1975: Multipleprobe(1975),Orbiter (1976),Lander
(1978),Balloon(1980). ThecurrentSSGhascarefully reviewedthis scientific
rationale in light of subsequentdevelopmentssinceJune1970(programdelay
negatinguseof the 1975launchopportunity,scientific findingsof the Venera7
probein December1970,continuedanalysisof earlier spacecraftdata(Venera4,
5, 6, Mariner5), recentEarth-basedobservations,newtheoretical developments,
anticipatedresults fromrecentlylaunchedVenera8 andMarinerVenus/Mercury
1973). Wemakethe followingrecommendations.

(I) NASAshouldproceedwith detailedplanningfor the followingmission
set: Multipleprobe(1976/1977)andSingleOrbiter (1978). Specific recom-
mendationsandcandidatepayloadsfor thesemissionsarediscussedin Chapters
2 and3. TheSSGgaveconsiderablymoreemphasisto the multipleprobemission.
This orderingof the missionsis madefor the followingreasons:

Mostof the keyscientific questionsconcerningVenusrequire
"in situ" atmosphericmeasurementsbelowthe cloudtopsextend-
ing downcloseto thesurface. Sincethe requiredtechnologyand
scientific instrumentsarewithin the state-of-the-art, a probe
missionat the first opportunityis thereforedesirable.

A dual-launchcapability is recommendedfor the obviousadvantages
of redundancyandfor the ability to retarget the secondlaunch,
assumingfirst-launch success,to probeextensivereqionsof the
planet.

Sincemanyof the first-order questionsconcerningVenuscannot
beaddressedin the first mission,it appearshighly desirable
that the third mission(1980)also bea probemission. Since
launchopportunitiesoccurevery19monthsandefficient mission
planningdictates longerleadtimesthanthis, a probemission
in 1976is requiredto allow the results of that missionto be
incorporatedin the 1980missionplanning.

Althougha dualorbiter missionhascertain attractive features,
the SSGdoesnot feel that the additional costsinvolvedjustify
morethana single orbiter in 1978.

(2) In consonancewith the 1970NASVenusStudy,the SSGrecommendsthat
NASAinitiate plansfor a 1980probe-typemission. Detailedplanningshould
awaitthe scientific findingsof the 1976multipleproberesults. In anticipa-
tion of theseresults, andperhapsmoreimportantlyin recognitionof the scien-
tific questionswhichwill not beaddressedby the first twomissions,NhSA
shouldexplorethe technologicalandeconomicimpactto the programof a long-
lived landerfor this mission.

(3) TheSSGstronglyendorsesthe conceptof scientific investigationof
Venusat eachlaunchopportunityfollowingthe aboverecommendedthree-mission
set. However,it is not possible,nordesirable,to attemptto detail any
follow-onmissionsat this time.



Chapter2

1976/77MULTIPLEPROBEMISSION

MISSIONDESCRIPTIONANDSPACECRAFTcr)r_STRAIrITS

Themissiondescriptionpresentedhereis anupdateof the GSFCPhase"A"
study. It is subjectto change,asa result of the Phase"B" study,whichwill
beginin October1972. Nevertheless,it representsthe mostrecentdescription
of the 1976/77Venusm_ssion.

Themissionwill consistof twoidentical spacecraftandpayloadslaunched
durinqthe December1976throughJanuary1977launchwindow.Eachspacecraft
will consistof a bus,a larqeprobe,andthreesmallprobes. Thespacecraft
will bespinstabilized andwill usesolar power. It will weighabout 840
pounds when launched by a Delta 2914 launch vehicle.

Cruise from Earth to Venus will last about 125 days and will include two
or three midcourse maneuvers to control the trajectory. During the cruise phase
of the mission, the telemetry bit rate will be about 16 bits per second.

The probes will be separated from the bus about I0 to 20 days before entry.
Before separation, the probes will be turned on for a checkout period and their
state of health will be telemetered to Earth. After separation, the probes will
be inactive to save battery Dower until they are turned on by a timer just before
entry. From separation until the end of the mission, all probe events will be

programmed by an on-board sequencer.

The two large probes will include an aeroshell and heat shield, a parachute
system to reduce descent rate, and a pressure vessel to protect the experiments.
The aeroshell and heat shield will protect the pressure vessel durinn entry and
provide subsonic flight at an altitude of about 70 kin. The maximum entry decel-
eration will be about 300 g's. The parachute system will be deployed at about
70 km to separate the heat shield and provide a slow descent throuqh the
atmosphere. The pressure vessel will contain all probe experiments and elec-
tronics. Its inside shape will be approximately that of a 22-inch diameter
sphere. It will contain heated windows to provide a view for optical experi-
ments.

After passing through the upper atmosphere, the parachute will be sepa-
rated, and the pressure vessel will fall free to the surface. The mission is
designed to end when the pressure vessel reaches the surface, about 1.5 hours
after entry. Data will be collected and stored during entry. After entry,
stored and real-time data will be transmitted directly to Earth. The bit rate
will be about I00 bits per second. The large probes must be targeted within
40 ° to 50 ° of the sub-earth point to ensure that the Earth remains within their
antenna beam.
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Thesix smallprobeswill beidentical. Theywill includean integrated
structurecontainingthe aeroshell,heatshield, andpressurevessel. Thein-
tegratedstructurewill protect theexperimentsuntil surfaceimpact. The
insideshapeof the pressurevesselwill beapproximatelythat of an ll-inch
diametersphere. Themaximumentry decelerationwill beabout500g's. The
smallprobeswill fall free to the surface. Theirmissionis designedto end
aboutonehourafter entry. Somedatamaybestoredduringentry. After entry,
storedandreal-timedatawill betransmitteddirectly to Earth. Thebit rate
will be about 4 bits per second. The small probes must be targeted within about
70° of the sub-earth point to prevent excessive signal attenuation by the atmos-

phere.

The two busses will be designed to enter the Venus atmosphere at a shallow
entry angle and transmit data to Earth until they burn up. The bus bit rate
during entry will be about 300 bits per second.

LARGE PROBE

Scientific Objectives

The objective of the large probe is a sounding through the whole atmos-
phere, with measurements of the structure, composition, and clouds. It also
contributes to the mission of the small probes, by making a fourth set of meas-
urements and by providing data needed to interpret their measurements. However,
the primary emphasis is on the energy balance and clouds -- their nature, dis-
tribution, composition, and interaction with light and with thermal radiation.
The measurements are expected to define the present state of the atmosphere and
the planetary heat balance. An important further result will be information on
the origin and evolution of the planets. Because of the high surface tempera-
ture, a close approach to thermodynamic and chemical equilibrium with the atmos-
phere is expected and many unfamiliar elements and compounds become volatile.
These are the substances that give the best clues to conditions in the solar
nebula at the time of accretion.

No attempt is to be made, in this first mission, to collect and analyze
the cloud particles. This very difficult class of experiment is unnecessary
for the most probable type of cloud, a condensate. The vapor of such a material

must be present in and below the cloud, and the mass-spectrometer experiment is

carefully designed to measure such vapors. Optical instruments will give the
presence and distribution of particles; thus, with a knowledge of temperature

and the vapors present, a model of the cloud can be constructed. If dust (non-
condensing material) is a major component of the planet-wide blanket, it must

be present all the way to the surface. The optical instruments will observe

this situation, but no direct measurement of composition will be possible. Be-

cause condensates are more likely, we consider it appropriate to defer any
attempt at dust analysis to a later mission, contingent on a discovery of dust
by the first soundings. Geochemically-based speculation has suggested mercury

halides, and mercury itself. The topmost clouds, visible from Earth, have been

interpreted as ice, iron chloride, or dirty hydrochloric acid. Another impor-
tant question is the effect of latent heat of condensation on the dynamics of

the atmosphere.
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In fact, the whole planetary heat budget is bound UD with the clouds. The
high surface temperature of Venus has been explained, on the one hand, by a
greenhouse model, which requires that solar energy penetrate deeply into the
atmosphere. On the other hand, dynamical theories have been proposed which
operate even if the solar energy is deposited mainly in the upper cloud layers.
It will be necessary to determine the penetration of solar radiation into the
atmosphere, as well as the effective level of thermal infrared loss, to resolve
these divergent views. If individual cloud layers are Present, their location,
number, and radiative properties must be known. In addition, any possible in-
formation should be gathered on their horizontal structure.

Measurements of pressure, temperature, and acceleration are routine in the
Earth's atmosphere. The accelerometers give the density and temperature in the
entry region, and give information on winds and turbulence at lower altitudes.
The primary instrument for composition measurement is a mass spectrometer, with
a special inlet system to allow sampling at high pressures and temperatures. Its
measurements fall into three general classes: (I) composition of major gases
such as C02, and possibly N2 or Ar; (2) composition of vapors that may form the
various cloud layers; and (3) other trace gases, primarily the inert ones. Back-
up methods may be desirable for certain gases; radiation from the shock layer
during entry can be observed by simple photometers; and a hygrometer can be in-
cluded if proved to be specific to water vapor in the presence of acid vapors.

Cloud particles can be observed in various ways. Vertical distributions
should be measured from several probes penetrating the atmosphere at diverse
locations. Some of the small probes will enter a dark part of the planet dur-
ing the 1976/77 missions; this renders it necessary to place nephelometers on
these probes. These nephelometers need only register the presence of clouds
or hazes. A more sophisticated nephelometer should be placed on the main probe
as a backup to the other instruments.

Measurements of cloud-particle size are required over a 1 to 500 p range.
The instrument should be capable of making single-particle-size measurements
at high concentrations (IO B to 104 cm-B) and be relatively insensitive to par-
ticle orientation, shape, or refractive index, because particle morphology is
unknown. These constraints make particle-size detection by imaging or extinc-
tion techniques more suitable than by scattering in the backward direction.

Because the parachute on the main probe will be deployed at or below 70 km,
cloud particles above this altitude cannot be measured with an "in situ" particle-
size spectrometer. Astronomical inferences about the upper layers of the Venus
atmosphere depend on assumptions regarding the optical characteristics of the
upper clouds. Information can, in principle, be obtained from measurements of
the aureole.

To obtain the radiative heat budget, it is desirable to measure directly
where the incident solar energy is deposited. The best _masurement is of net
flux, the difference between downward and upward fluxes. Measurements of in-
frared (planetary) radiation could also be made. They could be broadband or,
if necessary, restricted to a few wavelength regions.
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Candidate Payload

The instrument payload for the large probe is listed in Table 2. The last
three instruments are of lower priority because their measurements are redundant
to other primary experiments. However, all instruments are desirable, and the
complete list does not appear to be a heavy burden on the mission.

Table 2. Large Probe Payload

Instrument

or Weight Power Pri ori ty
Heas ureme n t ( I b ) ( Watts ) Category

Temperature

Pressure

Accelerometers and
Mini sei smomete r

Transponder

Mass Spectrometer

Cloud Particle Size

Analyzer

Aureole and
Extinction

Sol ar F1ux

Infrared Flux

Hygrometer

Nephelometer

Shock-Layer
Radiometer

1.5

2.0

2.5

3

20

8

4

5

1

2.5

2

0.2

0.8

3

4

12

20

4

2.5

0.2

2

1

TOTAL 55.5 50.7

A

A

B

B

C

Individual Instruments

Temperature and Pressure

A principal objective of the multiple probe mission is to obtain, with high
accuracy, the temperature-pressure structure of the lower atmosphere at widely
separated points over the planet to define the gradients which drive the planetary
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circulation. Becauseit is their differenceswhichare important,the measure-
mentsat thewidelyseparatedpointsmustbemadewith highrelative accuracy.
(SeeAppendix2.) Wehaveexaminedthe tested, availabletechniquesfor such
measurementsandconcludethat theycanbeachievedto the necessaryaccuracy.

Themeasurementsshouldtake, asa point of departure,the similar measure-
mentsroutinelymadein the Earth'satmospherewith radiosondesandonaircraft,
andwhichweremadein the PAETentry probeatmospherestructureexperiment.
Eitherplatinumresistancethermometersor fine wire thermocouplesarepossible
choices. Radiativeshieldingmaybedesirable. Thesensorshouldbemounted
outsidethe vehicleboundarylayer, whereit will experiencenoconvectiveex-
changewith the probeitself. Thereareno fundamentalproblemsin measuring
the atmospherictemperatureto the accuracygoalsstatedin Appendix2.

Pressuresensingwith existing techniqueswill not bea problem.There
arenumerous,commerciallyavailabletransducerswith the followingcharacter-

, 0.25Jo,tempera-istics: ratedpressuresII0 barsor greater; repeatability, °"
ture sensitivity, 0.036%/°C;accelerationsensitivity, less than5 x I0-s full
scalereadingperg. In somecases,theyhavebeenflight qualified. Someof
thesesensorsareminiaturized;e.g., 3 mmdiameterby5 mmlonq, including
electronics. Theinstallation of the sensorson the probeswill requireclose
attention. Forexample,the sensorshouldbe thermallyisolated fromthe ex-
ternal environment.This demandsaninternal, well-insulatedlocationof the
sensorandalsosuggeststhat gasesbeadmittedthrougha tubeof sufficient
heat capacityto absorbthe heatcarriedbythe smallquantity of gasadmitted.
Thesensortemperaturemustalso bemonitoredandtelemeteredoccasionally,to
anaccuracyof 3°Cor better. Provisionshouldbemadefor calibration of any
zeroshifts in space,prior to entry.

Acceleration

Measurementsof the probeaccelerationsduringvariousmissionphaseswill
bearonseveralscientific objectives:

(I) Decelerationhistory duringentry anddescentwill provideinforma-
tion onthe temperaturestructureof theatmosphere.

(2) Decelerationsmeasuredin the atmospherecanbeanalyzedto define
windsandturbulence.

(3) Foronemodeof dataanalysis, themeanmolecularweightof the atmos-
phericgasescanbeobtainedfrommeasuredaccelerations,pressures,andtempera-
tures.

(4) The accelerations will be used to define the trajectory followed by

the probe, and in this way, will interact with and complement the doubly dif-

ferenced, very long baseline interferometry (DLBI) determination of the entry

trajectory and winds. (See Appendix 3.)

(5) If the probe should survive landing, an available circuit board added
to the sensor electronics will permit the detection and evaluation of the noise
background for seismometry, at the level of I/I0 milligal or less. (As noted
in the NAS Venus Study, this information will help in the planning of possible
future seismic measurements.)
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(6) Thelandedaccelerometer,if it survives,will give the surfacegrav-
ity andthusthe radial distancefromtheplanetarycenterwith anaccuracyof
0.4 km.

Theaccelerometerrespondsto the ambientatmosphericdensityandvelocity
throughthe knownaerodynamicsof the probe. Thephysicsis particularly simple
duringthe supersonicpart of entry; densityandpressureprofiles, accurateto
a fewpercent,canbeobtainedat heightswheredirect measurementsare impos-
sible. Duringthe low-velocitypart of the mission,the responseis Drimarily
to turbulence,a quantityof majorsignificanceto atmosphericdynamics.Inte-
grationof the outputspermitsan"inertial navigation"bywhichthe final posi-
tion of the probecanbeobtainedwithin a fewkm. Anaveragedatarate of
3 bits/secondshouldpermitall objectivesto be realized.

Transponder

Closed-looptrackingis animportanttechniquegiving anaccurateknowledge
of radial distanceandvelocity. (SeeAppendix3.) In conjunctionwith DLBI
tracking in the orthogonaldirection, the result will bea completethree-
dimensionalpicture of theprobe'smotion,fromwhichmeanwindsandturbulence
canagainbe inferred.

MassSpectrometer

Themassspectrometersystemwill operatedeepin the atmosphereandthus
at thehighestpressureandtemperatureanticipatedneartheplanet's surface.
It hasthree fundamentalobjectives: (I) to identify chemicallyreactivecon-
stituents of the atmosphere;(2) to identify inert gases;and(3) to provide
abundanceratios of certain constituents. (SeeAppendix4.)

Laboratorytests with representativeinstrumentsdemonstratethat these
requirementsarewithin the state-of-the-art. A crucial aspect,reducinga
highpressuresample(I00 bar) to the lowpressurerequiredfor analysisby a
spectrometer(I0-8 bar), hasbeenrepeatedlyaccomplishedat temperaturesas
highasIO00°C,well abovetheVenussurfaceatmospheretemperature.In addi-
tion to _12,He,02, andCO2, representativereactantssuchasHNO3, HCI,Hgl2,
H2SO4, HgBr2,H20havebeenemployedin thestudiesdemonstratingthat the
anticipatedenvironmentof Venusis amenableto massspectrometricexplora-
tion.

Reductionof the pressureto the requiredlevels requiresDassageof the
samplethroughdevicesof extremelylowconductance,posinqquestionsof block-
age,sample-surfacereactions,massdiscrimination,etc. Experienceshowsthat
thesephenomenaare real, but arenot detrimentalto achievingacceptablemeas-
urementgoals. Thereareareaswhereimprovementsoverexisting capability can
beexpected,primarily in relation to quantitativeanalysis. Forexample,spe-
cific modificationof a sample(chemicalcleaning)wouldimproveinert-gasde-
tection andanalysis. Suchmanipulationis routinelyaccomplishedin con_nercial
andlaboratoryanalysis.
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TheSSGfeels that a quantitativeanalysisof the Venus atmosphere is

highly desirable and therefore recommends intensive development of several
alternative approaches to sampling techniques for the mass spectrometer ex-
periment.

The question of cloud-particle composition is discussed on Page II. Any
condensables are to be detected as vapors; if dust particles are present, they
will be measured only by optical instruments. Collection and vaporization of
dust particles would be a formidable task. It should not be attempted until
the need has been demonstrated.

Shock-layer Radiometer

During the high speed phase of the entry, a strong bow shock wave precedes
the blunt probe. It stands away from the probe face by a small distance on the
order of 1 cm, depending on probe size and geometry. This thin layer is lumi-
nescent, for a short time at high speeds, because its temperature may range up
to II,O00°K. Spectral features in radiation from the layer are determined by
the atmospheric composition, and conversely, composition can be derived from
the spectrum. Radiometer channels are selected to measure particular features.
For atmospheres containing N2 and CO2, CN violet radiation is by far the most
prominent feature. It is a measure of the CN formed at equilibrium in the shock
layer, from which the N2 and C02 fractions are calculable. Nitrogen is also
signaled by the presence of N+ molecular bands. Hydrogen (from water) gives
rise to OH bands at 3400 A and to CH and NH features as well. Noble gases are
detectable from their effect on shock layer temperature. The radiometer has
been demonstrated on the PAET entry probe, where it gave the composition of
the Earth's atmosphere with excellent accuracy. It is a useful backup device
for measurement of the bulk species (as opposed to trace species) in the Venus

atmosphere. However, it must be given lower priority than the mass spectrometer,
which can address itself to more species and to trace quantities.

Hygrometer

The water-vapor content of the Venus atmosphere is particularly important
to studies of planetary origin, microwave and optical absorption, and forma-
tion of clouds. We feel that this importance justifies a small dedicated sen-
sor (a hygrometer) in addition to the mass spectrometer.

Any device that works by electrolytic conductivity is ruled out by the
known presence of HCf, a strong electrolyte. Preliminary examination suggests
that one available device, at least, may be immune to such difficulties. If
this indication is borne out by further tests, we believe that a hygrometer is
worth serious consideration. An upper limit to the amount of water in the Venus
atmosphere has already been established; therefore, there is no reason for the
instrument to measure or indeed survive at temperatures above about lO0°C. In
the hot, low regions of the atmosphere it is expected that the H20 mixing ratio
will be independent of height.
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Particle-Size Spectrometer

This recently-developedinstrumentavoidsthe uncertaintiesinherentin
scatteringmeasurementsbyworkingwith the shadowsof individual particles.
It hasbeenusedwith successto measuresize spectrain a rangeof meteoro-
logical environments,fromprecipitation to contrails. Thesourceis usually,
but not always,a laser, andthe beam,after traversingthemedium,is imaged
ona photodiodeor a linear arrayof photodiodes.Typically, threeoptical
channelsareused,with different magnifications.Witha diodearray, appro-
priate logic countsthe numberoccultedandrejects false events. Thesingle-
diodedevicemeasuresthe lossof light dueto the shadow.Thisdeviceis a
primecandidatefor the largeprobe. In additionto its scientific advantages,
it requiresonly smallwindowsbecausethe light is alwayshighly collimated.
Toavoida heavyloadon the telemetry,only the first fewmomentsof thesize
distribution shouldbetransmitted.

AureoleandExtinction

Asimplephotometer,whosefield of viewis a vertical slit, canmakea
numberof usefulmeasurementsof the cloudabovethe probe. Its field should
bescannedaroundanalmucantarbvthe spin of the probeandshouldcrossthe
sun. Attenuationof the direct light givestheextinction of the cloudand
the aureole,or bright hazearoundthe sun. Any"lumpiness"detectedin the
rest of the scangivesinformationoninhomogeneitvof the cloud, aswill any
departuresfromsmoothnessof the extinction.

Solar F1ux

A flux sensorshouldhavea hemisphericalfield of viewanda cosinere-
sponseto measurethe total downgoingradiation. Preferably,a similar sensor
shouldmeasurethe upgoingradiation; the differencegivestheenergydeposi-
tion. A broadwavelengthrange is desired (3000 to IF),O_O A and hopefully up
to 30,000 A).

Nephelometer

Scattering of light does not give specific information about cloud particles,
but it is useful as a backup and as a cloud-presence indicator. The source could
be a gaseous discharge, external to the pressure vessel, or an internal diode
laser with a very small window or light pipe. Modulation of the source permits
discrimination against natural light. A sensitivity of 10 -6 cm-I (scattering
coefficient) is readily obtained and is enough to observe Rayleigh scattering
bv the gas at 1 bar pressure. This instrument is considered secondary on the
large probe, but primary on the small probes.

Infrared Radiometer

A measurement of the flux of planetary radiation is considered desirable.

A simple, chopped, internally-calibrated instrument can be produced from off-
the-shelf components. The principal oroblem is the window, which must transmit
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the required wavelength band, be kept free of condensate, and have its tempera-
ture monitored so that its thermal emission can be subtracted from the measure-

ment. The details will depend on the design adopted, but no fundamental problems
are seen. One possibility is to use several narrower wavelength bands instead of
one broad one.

Omitted Instruments

In the following we list, with brief explanations, a number of instruments
that were considered, but not included in the final selection. Some of them are
from the r_AS Venus Study and the rest came to our attention in various ways.

(i)
appears
studied
heights

Wind-drift radar - This instrument was omitted because its function

to be fulfilled by Earth-based radio interferoT_try. It should be
further in case it is needed later. It has been .iudaed feasible for
less than 25 km.

(2)
ted from
I axed.

Hagnetometer - This instrument is included on small probes, but omit-
large probe so that requirements for magnetic cleanliness can be re-

(3) Condensimeter-Evaporimeter - This instrument was meant to be the Venus
analog of a frost-point hy_rometer, tlo suitable candidate instrument exists, to
our knowledge, and the need is not qreat.

(4) Nuclear Fluorescence - Alpha narticles or X-rays are widely used for
chemical analysis of solids by excitation of fluorescent radiation. 1 Detection
seems to require a thin window, which cannot be a thermal insulator; the required
high-temperature detectors do not exist. If these nroblems can be solved, the
methods have promise for measurement of particles and, in the future perhans,
of the surface composition.

(5) "Kyle Boiler" - This device is used for measuring water content of
terrestrial clouds from the heat necessary to cause evanoration. It does not
appear to be specific enough nor sensitive enouqh for use in an exploratory
situation,

Targeting Strategies

The first main probe should enter on the day side of Venus in the region
of the equator, not closer than 20 ° to the terminator. Without this constraint,
the sun would be too low in the sky for the solar radionmter.

The primary target of the second launch will probably be on the night side
of Venus. llowever, if the first mission should fail, we expect that the science
teams will request a retargetinq back to the day side fm _ a backup, unless the
cost to the mission is unacceptably high.

Turkevich, A.; Economou, T.; Franzgrote, E. J.; and Patterson, J. H.:
Some Preliminary Considerations on the Use of Alpha Particles for Analysis
of the Atmosphere of Venus. Private Communications, March 24, 1972.
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SMALLPROBES

Scienti fi c Objecti yes

The lower atmosphere of Venus is strongly influenced by large scale motions
of the atmosphere. (See Appendix 2.) To understand such motions requires a
three-dimensional picture of the driving forces and the atmospheric resnonse.
The objective of these small probes is to obtain such a picture.

Weight limitations clearly do not permit the elaborate instrumentation of
the main probe. However, a combination of many measurements on the main probe
and a few measurements at other locations is a very powerful approach, provided
that the small probes are reasonably well separated.

From existing theory, we anticipate that the important motions have a global
scale. Their forcing is either from day to night hemisphere above the clouds or
from equator to pole well below the cloud tops. In the lower atmosphere we do
not anticipate instabilities with a high planetary wave number, nor do we antici-
pate large local variations caused by variable solar heating in the clouds. Under
these circumstances a few observations, separated by significant proportions of
the equator-to-pole or sub-solar to anti-solar distances, can illuminate some
of the important physics and dynamics of the lower atmosphere.

This point of view is emphasized in the NAS Venus Study and we strongly
endorse it. Even though the small probes carry only a small science payload
the few instruments that can be flown are essential to the overall mission.

The simplest and most important contributions to understanding the dynamics
can be made by measuring the temperature as a function of Pressure and the wind
velocity itself. Temperature measurements must be accurate, but the required
accuracy can be achieved without serious difficulties. (See Appendix 2.) Wind
measurements are feasible because of the development of very lon_ base-line inter-
ferometry (Appendix 5) provided that the small probe oscillator is sufficiently
stable or a turn-around transponder can be carried.

An accelerometer provides a backup to both wind and temperature measure-
ments and is a valuable diagnostic tool. Most of the small probes will enter
in darkness and only a nephelometer can qive information about the clouds.
Although the information from a nephelometer is not refined and cannot be
analyzed in terms of particle sizes nor give any information on cloud com-
position, the data available from the main probe, taken together with the
local temperature and pressure measurements from the small probes could lead
to an understanding of the observed cloud layers. Despite the relative homo-
geneity of the atmosphere, we cannot be confident that the clouds will be
identical in different parts of the planetary circulation. A nephelometer is
therefore an important instrument.

Finally, a magnetometer is recommended for the small probes for both prac-
tical and scientific reasons. The vector magnetic field must be measured at a
number of locations to establish its character. The three small-probe locations
would be valuable in this respect. Equally importantly, the small size of the
probes, and the absence of a mass spectrometer, make magnetic cleanliness rela-
tively simple to achieve.
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Candidate Payloads

The six instruments listed in Table 3 are all desirable and feasible. They
are all rated category "A". The figures in parentheses represent a priority
order within the "A" category. The estimates of nower and bit rate are below
those assigned in early studies of the mission. They do not appear to give rise
to any difficulties with the payload. The weiaht of the candidate nayload how-
ever exceeds by about 50% the earlier estimates.

Table 3. Payload and Priorities

Weight Power Bit Rate Priority
Instrument (Ib) (Watts) (b_s) Category

Temperature

Pressure

Nephelometer

Stable Oscillator

Accelerometer

Magnetometer

1.0 0.2 0.4

1.0

1.5

1.5

0.4

1.2

0.75

1.0

1.5

0.4

1.0

0.4

2.0

0.2

0.1

TOTALS 6.6 4.85 3.1

A (I)

A (1)

A (2)

A (3)

A (4)

A (4)

The payload of the small probes is very difficult to estimate at this time.
We believe that further studies may show the candidate payload to be acceptable.
We strongly recommend that all instruments be flown if at all possible. In view
of the weight restrictions, however, it is nossible that the whole complement
cannot be flown. The priority listing is for this eventuality. It was the opin-
ion of the SSG that, while the two highest priority instruments constitute a
valuable payload, it would be difficult to justify the small probes if only
these instruments could be flown. We therefore specify the temperature, pres-
sure, and nephelometer as the minimum payload required to justify the small
probes.

Individual Instruments

Temperature, Pressure, and Acceleration

For a description of these instruments, refer to the discussion under the

large probe.
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Nephelometer

This instrumentmeasuresscatteringpowerper unit volumeat a single angle
of scatteringor anaverageovera rangeof anglesat a singlewavelength.The
purposeis to establishthe presenceof clouds,if thescatteringexceedsmolec-
ular scattering,andto makeestimatesof the clouddensity.

Nephelometershavebeenusedfor similar purposesin terrestrial applica-
tions for manydecades.Theyhavebeensuccessfullyflownonaircraft onmany
occasionssinceWorldWarII. Weregarda simpleversionas feasible for use
at anylevel in theVenusatmosphere.

Oneconceptinvolvesa pulsedHgsourceoutsidethe spacecraft,a small
window(less than1 cm),anda photo-diodeinside the spacecraft. Thesimplest
geometricarrangementusesback-scatteredlight which,whilenot ideal fromthe
point of viewof quantitative interpretation, wouldachievethe missionobjec-
tives. Thedetectorcouldalsomonitorthe unpulsed,steadybackgroundandact
as anillumination meterfor day-sideprobes. Amoredetaileddiscussionof the
nephelometeris providedunderthe largeprobeinstruments.

StableOscillator

Studiesof stable oscillators areunderwayfor thesmallprobes. If the
frequencycanbe reconstructedto 1 in IOs overa periodof onehour,MITstudies
indicate that the DLBIandDopplershift capability canbeusedto give a sensi-
tive measureof thewindin threedimensions.(SeeAppendix3.)

Suchfrequencyreconstructionwasachievedby theVeneraprobesandcould
be readily achievedon the Pioneer probes if a surface calibration can be em-
ployed. This involves receiving a signal from a stationary probe on the surface
and it cannot be guaranteed. However, it appears that the temperature of the
crystal is the only critical parameter and this can probably be measured and
transmitted with adequate accuracy for the required frequency reconstruction.

Crystal oscillators have been subjected to entry shock, and this does not
appear to be a problem area.

The problems associated with a stable oscillator have not all, at this
time, been solved. Rapid progress is being made, however, and once proved in
the laboratory we see no additional difficulties in the space environment since
the components involved, crystals and thermometers, are well understood and
spaceworthy.

Magnetometer

Magnetometer scientific requirements are described in Appendix 5. The
small probes are required to rotate at a few rpm- the speed is not very im-
portant - and the single axis of the magnetometer is tilted with respect to
the rotation axis. This arrangement makes it possible to determine the vector
magnetic field with respect to a directional asymmetry in the antenna pattern.
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Magneticcleanlinessat the magnetometerof I0 gammais required. Becauseof
the smallsize of the smallprobes,the costin special componentsanddesign
is minimal;thePioneer-VenusProjecthasestimatedthat anupperlimit of
$200,000will beadequatefor themagneticcleanlinessprogram.

OtherInstruments

Twoother instrumentswereconsidered,but not recommended.Asurface
approachindicatorwasconsideredto beunnecessary.Thesmallprobesare
atmosphericprobesandfulfill their missionif theysurvivecloseto the
solid surface. Thesciencevalueof locating the surfaceexactlyat a few
pointsis not large. Wedid not thereforeconsiderthis instrumentto be
wortha significant cost in moneyandweight.

Also,becauseit is verydifficult to avoidtargetingat least twoof the
smallprobesto the night side, at least for the 1976/1977mission,a solar
radiometerwouldbewastedontwoor moreof the smallprobes. Sincethenephe-
lometerprovidesdataon thepresenceof clouds,weconsidereda solar radiometer
to be redundant.Wedonot recommendits inclusionin the smallprobepayload.

Targeting Strategies

The following factors should be considered when targeting the small probes:

(I) The existing state of knowledge does not enable us to distinguish be-
tween the atmosphere in the Northern and Southern hemispheres. Thus, the strategy
should aim to obtain the greatest coverage in longitude and latitude independent
of the hemisphere. If it should be convenient, for example, to place all four

probes in one hemisphere, this would be an acceptable result.

(2) The minimum spread in latitude should be 0 to ±30 ° . This covers one-
half of the area of one hemisphere. This spread should be achievable without
difficulty and would be the minimum acceptable for studies of the planetary
circulation. A spread of 0 to ±60 ° would be sufficient for most dynamical

problems. It may be difficult to achieve and is the limit of what should be
attempted.

(3) The minimum spread in longitude is 90°; 120 ° can be taken as an upper
limit that need be attempted.

(4) There is no requirement to target the small probes into sunlight.

(5) It would be valuable for the DLBI project if all probes could enter
within about 30 minutes of each other.
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THEBUS

Scientific Objectives

The bus provides a platform for measurements in the upper atmosphere and

ionosphere. It permits measurements in a region below orbiter minimum periapsis

that will not be explored by the entry probes. Measurements include the ion-

ospheric magnetic field, the solar wind, the interplanetary magnetic field,
electron, ion, and neutral particle densities.

The payload weight available on the bus is limited so that it was not
possible to include measurements which could be made as well or better from

the orbiter or were not required to enhance the objectives of other probe
mission experiments. However, those instruments were included in the pay-

load of the bus which return useful information in the interplanetary medium
as recommended by the 1970 NAS Venus Study. ("Measurements made in the solar

wind are valuable for their own sake and should be regarded as secondary objec-

tives that significantly enhance the value of the mission.") The measurements
which should be made from the bus are discussed below. The recommended instru-

ments for making these measurements, together with a rationale for their selec-

tion, are discussed in a later paragraph. We note that these experiments and
measurements are not independent of one another nor are the bus and probe mea-

surements completely independent.

In the upper atmosphere, we recommend measuring the number density of
selected neutral constituents; for example He 4, O, CO, N2, Ar _°, C02 should
be measured with a mass spectrometer and CO, and 0 should be measured with a
UV fluorescence device. The UV fluorescence measurement removes the ambiguity
between the N2 and CO peaks and provides a redundant 0 measurement. Also, the
number density of light ions and the number density and temperature of electrons
should be measured. While these are the direct observables, they will provide
other information. The scale heights, for example, provide a measurement of
the temperature of the neutrals and ions. Knowledge of the neutral-gas and
electron temperature and density allows a calculation of the cooling and heat-
ing rates to be made. The ratio of the Ar _° concentration relative to that of
N2 will lead to a determination of the position of the turbopause. The CO, O,
and C02 concentrations provide information on the photochemistry of C02.

To complement the probe magnetometer measurements, we recommend that the
bus carry a triaxial vector magnetometer. The bus and probe magnetometers can
be used to determine ionospheric currents and thus separate ionospheric and
planetary magnetic fields in the probe data. The bus data will provide infor-
mation on the magnetic term in the ionospheric pressure tensor and aid in calcu-
lation of electrical conductivities in the ionosphere.

We recommend measuring the solar-wind proton velocity, density, and tempera-
ture and the interplanetary magnetic field. These quantities, in turn, provide

a measure of the electric field capable of driving ionospheric currents and the

solar-wind pressure confining the ionosphere. Away from Venus these same quan-
tities will provide new and important data. Since there will be two launches,
we can study the evolution of solar-wind structure, during an interval of sev-
eral hours.
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Candidate Payload

A payload consisting of Category "A" and "B" experiments is necessary to
satisfy all the objectives listed above. However, such a payload exceeds the
nominal bus payload weight. We have therefore placed solar-wind measurements
in a lower category since these are a secondary objective for a probe mission.

Experiments were recommended by the 1970 NAS Venus Study which do not
appear in our recommended payload. We note that 1970 payload was oversub-
scribed by 19 pounds. The basis for deletion was either that an experiment
was more appropriate to an orbiter or that it was redundant. The candidate
payload is listed in Table 4. The weights given in this table are those for
similar instruments used in the terrestrial environment. Each of these experi-
ments and those deleted from the 197r) NAS Venus Study report payload are dis-

cussed briefly in the following paragraphs.

Table 4. Recommended Payload for 1976/77 Bus Mission

Neutral Mass

Spectrometer

lon Mass

Spectrometer

Langmuir Probe

UV Fluorescence*

Magnetic Field

Solar Wind

Daygl ow

Priority Weight Power
Category (Ib) (Watts)

A I0 I0

A 3 2

A 2 2

A 3 2.5

A 6 _ 3.5

B 5 4.0

C 3 2.5

Data Rate
(bps)

8O

7O

3O

50

30

40

5O

Measurables

Neutral atmospheric com-
position; scale height.

Ion composition; scale
height.

Electron temperature and
density.

CO, 0 density.

Vector magnetic field.

Solar wind ion density,
velocity and temperature

Composition of neutral
atmosphere.

Flight testing of this instrument in the terrestrial environment is not
complete at this time. If tests show this experiment is not suitable
for this mission, alternative experiments should be considered to satisfy

the objectives of this instrument.

+ Includes weight of boom.
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Individual Instruments

Neutral Mass Spectrometer

The neutral mass spectrometer will determine the number density of selected
constituents of the upper atmosphere, for example He_, O, CO, N2, Ar, and CO2.
Parameters derived from these measurements as a function of altitude include the

exospheric temperature and the altitude of the turbopause. The latter measure-
ment can be achieved by measuring the Ar/N 2 and He/N 2 ratios. The combination
of the neutral and ion mass spectrometers will permit detailed analysis of the
chemistry of the Venus upper atmosphere. The CO and 0 measurements will permit
a study of the intriguing stability of CO2, It may be possible with careful
design to measure the 0 concentration within a factor of 2.

Similar experiments performed in the terrestrial thermosphere have shown
that He, N and Ar in the range of 107 to 1012 cm-_ are reliably measured by
fast scanning mass spectrometers. Because of the low anticipated bit rate and
fast descent of the spacecraft, attainment of a reasonable altitude resolution
will require special considerations for instrument design and efficient data
management.

Ion Mass Spectrometer

The ion mass spectrometer should measure the number density of selected
thermal ions in the upper atmosphere of Venus, for example H+, D+, He + , 0 +,
CO+ , NO+ , 0_, and CO_. Although a primary objective of the bus mission is to
study the region below 200 km, the instrument's sensitivity should be chosen
to measure the ionopause. Efficient data management techniques will be needed
to maximize science return in view of the limited bit rate and the rapid entry
velocity of the bus. The scale height of the ionic species together with data
from the Langmuir probe and neutral mass spectrometer will provide absolute ion
densities and ion temperatures. They will permit a study of both the chemical
and physical processes in the upper atmosphere of Venus.

Langmuir Probe

This experiment measures the temperature and number density of the ion-
ospheric thermal electron population. The technique is simple, lightweight,
and accurate. A secondary benefit is a measure of spacecraft potential which
is both a useful plasma parameter and an aid in interpreting the ion spectrometer
data. These data in combination with the data from the neutral gas and ion spec-
trometers allow chemistry and energy balance calculations of the Venus thermo-
sphere and ionosphere.

UV Fluorescence

This experiment will measure the amount of 0 and CO in the upper atmosphere
of Venus. This measurement is a backup to the neutral mass spectrometer for two
very important minor constituents. It will lead to a better understanding of
the chemical processes affecting the dominant constituent of the upper atmos-
phere C02. In particular, it should help to solve the mystery of the stability
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of the CO2 to photolysis. Theinstrumentutilizes fluorescentbackscatterof
light fromanonboardsource. It is in routineusein laboratoriesandis
beingtestedin rocketflights. Its inclusion in thepayloadis dependent
uponthe successof thesetests. Theinstrumentis sensitiveto the Doppler
shift of spectrallines by the entry velocity of thebus. Thus,measurements
mustbemadewith the direction fromthe light sourceat riqht anqlesto the
velocity vector. A deeppenetrationof the upperatmosphereis highly desirable
for this experiment.

Magnetometer

Themagnetometershouldbea triaxial vector instrumentof ruggeddesign.
A three-axismeasurementis recommendedto provideunambiguousvectormeasure-
mentsin the turbulentsheathsurroundingthe ionosphereaswell asproviding
for accurateboundarynormaldeterminations.Themagnetometershouldbecapable
of resolvingexpectedplanetaryfields aboveI00 kmaltitude andshouldhave
enoughsensitivity for interplanetarymeasurements.

Becausethe emphasisof a probemissionis on the upperandloweratmos-
phere,magneticcleanlinessproceduresusuallyperformedfor interplanetary
missionscannotbeallowedto jeopardizethe mainobjectiveor increasecosts.
Thus,the magnetometerwill besubjectto a significant an_ientmagneticfield
fromthe spacecraft.

Theprimaryobjectiveof the magnetometeris to measurethe ionospheric
magneticfield. Thiscomplementsthe small-probemeasureiTentsbelowthe ion-
osphere.Theconbinationof measurementscouldprovidea n_asureof boththe
planetaryandionosphericfields. Secondaryobjectivesincludemeasurements
throughthe bowshock,sheathregion,andthe ionopause.Thelatter magnetic
profile hasnot beenpreviouslymeasured.A further objectiveis the study
of the timeevolutionof interplanetarystructuresmadepossiblebythe dual
launch.

SolarWindExperiment

Theprimaryobjectiveof the solar windexperimentwill be the measurement
of solar windvelocity, density, andtemperatureactingon theVenusionosphere
at planetaryencounter.Asecondaryobjectiveof theexperimentis measurement
of the solar windduringthe cruisephaseof themission. Thedual launchper-
mits a studyof the evolutionof solar windstructureovera corotationdelay
of severalhours. Designof this instrumentis facilitated bya spin-axisorien-
tation perpendicularto the eliptic plane,but otherorientation canalso be
accommodated.

DayglowExperiment

A dayglowexperimentcouldbededicatedto a numberof specific neutral
constituentsof the Venusatmosphere,for exampleH, D, He,andAr. This
techniqueis a morepowerfultool for probingisotopic ratios thanfor absolute
densities. Themeasurementof theH/Dratio is importantandideally suited to
this technique,butwasnot recommendedbecauseit couldbeeasily handled from
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the orbiter. Themeasurementof Hedensityis important,but canbeachieved
with higher accuracy with the neutral mass spectrometer. The Ar36/Ar u° ratio

is an important parameter in models of the evolution of planetary atmospheres.
Ar is measured by the mass spectrometer, but a dayglow experiment could pro-
vide an unambiguous backup measurement of the Ar36/Ar 4° ratio on the probe
mi ssi on.

Other Instruments

A Retarding Potential Analyzer was listed as an alternative to a Langmuir
probe in the NAS Venus Study payload. The Langmuir probe was preferred because
the scale height measurements by the neutral spectrometer, ion spectrometer,
and Langmuir probe combined with the electron temperature data from the probe
should provide unambiguous ion and electron temperature profiles.

AC electric field measurement was deleted from the NAS Venus Study payload
even though it was an important cruise mode experiment, and could aid in the
understanding of the ionospheric and atmospheric processes on Venus. It was
judged to be more effective if flown on the orbiter.

A UV Spectrometer was also not recommended because its major objectives
could be more readily achieved on the orbiter.

Visual imaging, in the form of a spin-scan camera, was mentioned in the
NAS Venus Study. It could be of value for determining motions near the cloud
tops and could yield information on cloud forms. For the imaging to be effec-
tive, however, cloud forms or groups must be identifiable; this may not be the
case. There is, in fact, a weak consensus that the Venus clouds are more like
a terrestrial haze than cumulus or other clouds with identifiable features.

This question will be clarified by the Mercury/Venus fly-by. If great interest
is thereby created in visual imaging, there will be ample opportunity to review
priorities on the orbiter and to include a spin-scan camera in the payload.

Targetin 9 Strategies

The advantages of a low-altitude fly-by versus an impact trajectory were
discussed at length. A fly-by would provide measurements of horizontal or local
time variations and provide two radio occultations. This approach, however,
risks losing data at the lowest altitudes because of the uncertainties inherent
in the pre-encounter knowledge of the trajectory. An impact trajectory would
guarantee a passage through a region below 200 km which could not be sampled by
the orbiter. These data are very important to an understanding of basic iono-
spheric processes and the bus should penetrate as low as possible.

For the first mission, it is recommended that the bus enter close to the
entry point of the large probe. For the second mission, the selection of the
entry point should remain contingent on the results of the first mission.

To provide a DLBI reference point on a known ballistic trajectory, it is
recommended that enough fuel be carried to guarantee that the bus will have
the ability to remain above the atmosphere and in the same field of view as
the entry probes during the first hour of entry. If possible, the bus should
not enter the atmosphere until the probes have reached the surface.
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INSTRUMENTDEVELOPMENTANDASSOCIATEDTECHNOLOGY

Theconceptof Pioneer-Venusis basedin part on thepractical notionof
conductingsignificant explorationandstudyof Venusona modestand predict-
able cost basis. Accordingly, designs of the spacecraft and instrument comple-
ments must use established techniques and involve engineering approaches which
do not require significant advances in the state-of-the-art. It is recognized
that modification of established instrumental techniques and components will be
required to accommodate the very demanding interface of the entry spacecraft.
Following this concept, the typical payloads described in this document have
been selected and defined recognizing that long lead-time engineering will be
required in some cases, but assuming that critical developments will not be
necessary. All components will thus be derivatives of instrument elements
already proven in space.

Recommended Long Lead Development Items

The following list of items is considered appropriate for early develop-
ment, because in our opinion they will be required regardless of ultimate sci-
ence instrument selection. The Pioneer-Venus Project Office is urged to under-
take these tasks to the extent feasible, prior to selection of flight instruments,
and thereafter, as necessary during the Phase B System Desiqn Study. The tasks
fall into the following four categories:

(1) Verification of performance and system compatibility of alternative
approaches to certain high-priority experiments to establish a firm engineering
base for experinent selection. These experiments include:

Neutral Mass Spectrometer for the Large Probe. Several alter-
nate approaches to inlet design are under consideration. At
this time, it appears most desirable for the Project to support
continuation of the ongoing engineerinq studies and tests to
permit early selection of the most suitable inlet and inlet/
probe interface.

Transponder/Stable Oscillator for the small probes. It is neces-
sary to the development of an optimum DLBI program that a sound
tradeoff study be made between these two aPproaches to frequency
stability or prediction.

DLBI/Wind Drift Radar. On the basis of present knowledge, the
DLBI appears to be the more cost effective approach to wind
velocity measurements. The relative data upon which this choice
was made should be further refined by a detailed engineering
study. This study should evaluate the operational costs and
impact on ground-station operations and mission design of DLBI.
It should further evaluate feasibility, costs, and performance
tradeoffs of candidate wind-drift radars.

RF Experiments on the Orbiter. A systems-level study, required
to determine the best way to implement the RF Occultation, bi-
static radar, and RF altimeter, has obvious impact upon the design
and selection of these experiments and should be conducted at the
earliest possible time.
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(2) Engineering studies of high-priority experiments to define interface

requirements and system design criteria in support of the Phase B System Study.
Instruments having large impact on system design include:

Cloud Particle Size Spectrometer. A large probe experiment,
which poses stringent requirements for optical alignment of
external hardware.

Solar Flux Detector. A large probe experiment, which requires
simultaneous upward and downward viewing.

Nephelometer. A small probe experiment on which the viewing
requirements and packaging configuration will require careful
and early definition.

Magnetometer. A small probe experiment, which requires a care-
ful program to achieve reasonable magnetic cleanliness and sta-
bility at low cost.

Ultraviolet Fluorescence. A bus experiment for CO and O, which
is on the verge of being qualified for flight.

(3) Continuing feasibility studies of instruments considered desirable
adjuncts to science payloads, but assigned lower priorities because we cannot
establish, with high confidence, the development status, performance capability,
or system or mission compatibility. These are:

Hygrometer. At least one candidate instrument appears to offer
the potential for satisfactory performance in the Venus atmos-
phere. This requires verification by suitable environmental
tests, clearly beyond the scope of SSG activities.

IR Flux Detector/IR Radiometer. A number of candidate instru-
ments were considered, but in each case several questions con-
cerning feasibility remain to be answered. The Project Office
should support suitable efforts to resolve these questions prior
to the time of selection.

X-Ray Fluorescence Spectrometer. Lack of sufficient information
on existing instrument design and performance prevented inclusion
of this instrument on the large probe payload. The Project Office
should support further definition of this potentially useful means
of investigating atmospheric particulates.

(4) Continuing engineering of hardware, interface design, and operational
procedures, the early development of which significantly impacts experiment de-
sign and selection, system design, or program costs. These include:

Optical Windows and Window Protection. A detailed parametric
evaluation has been carried out by the Project Office to deter-
mine the electrical power required to maintain the temperature
of the window above that of the a_ient environment. It was

determined in the course of this study that the dominant factor
controlling the amount of required power is the supporting tube
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conductancewhichto a first approximationis proportionalto
the ratio of its thicknessto length. In the caseof theone-
inchdiameterwindow,it wasfoundthat 4.5wattscontinuously
appliedfromparachutedeploymentwill providethe required
temperatureresponse.Thisexceedsthe amountof poweravail-
ableon the smallprobe. Accordingly,windowsof smallerdiam-
eter wereinvestigated. Fora I/4 inchdiameterwindow,it was
foundthat 1watt will maintainthewindowaboveambienttempera-
ture to analtitude of I0 km. Verificationof thesecalculations
by test is necessary;therefore, facilities to providethe re-
quiredsimulationof thedescenttemperature-pressureprofile
arenowbeingfabricatedat AmesResearchCenter. At this point
in time, it appearsthat anyexperimentrequiringthe useof a
windowonthe smallprobeis feasible fromthe contamination
standpoint. Variousapproachesto preventionof obscurationby
particulatescollecting onwindowsarealsobeingstudied. The
ProjectOfficeshouldpursuethesetaskswith hiqhpriority to
facilitate experimentselectionanddesign.

SmallProbeHeatShieldTechnology.Theminimizationof heat
shieldingweightis of critical importancefor the smallprobe
becausethe nominalscientific payloadof 3 poundsrepresents
anextremelysmallfraction (0.06)of theentryweight. The
SSGrecommendsthat everyattemptbemadeto optimizethe small
probeheatshielddesignconsideringspecifically the factors
summarizedbelow:

Choiceof Material. Duringthe courseof the PhaseB study,
the contractorswill investigate, in detail, the possibility
of usingthe reflecting heatshieldconcept(e.g., Teflon)
currentlybeingexaminedat AmesResearchCenter. Initial
calculationsshowthat by usingthis approach,aweight
savingof I/2 to 1 poundcouldbe realized. Thiscouldbe
increasedto 2-I/2 poundsbygoingto a moreefficient mate-
rial suchasoneof thedielectrics havinga highersublima-
tion energythanTeflon.

Selectionof Factorof Safety. Existingdesigns,whichare
basedonthe traditional spacecraftapproach,areextremely
conservativewith contingencymarginsthat rangefrom1.3
to 1.5with a correspondingmaximumweightpenaltyof up to
1.95pounds.Proceedingin the spirit of the test philosophy
adoptedfor thequalification testingof Pioneer-Venussub-
systems,the contingencymarginshouldbe reducedto the
orderof tenpercent, lhe final choiceshouldbebasedon
a re-examinationof the heatshieldperformancesensitivity
to environmentalandmaterialpropertyuncertainties.

Establishmentof BroadDataBase. Testsin theAmesResearch
Centerfacility shouldbeconductedduringthe PhaseBstudy
at heatingconditionssimulatingthoseexpectedduringVenus
entry. This testing shouldevaluatecandidatematerialsand
validate the computerprogramfor the design.
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IRWindows.A studyof suitablewindowsfor IR instrumentsis
beingconductedby the ProjectOffice. Thiseffort shouldbe
continuedona high-priority basisto supportIRexperimentde-
sign andselection.

High-TemperatureComponents.A familyof electroniccomponents
andpowersourceswhichappearcapableof operatingat Venussur-
facetemperatureshavebeenidentified by theProjectOffice. The
technologyshouldbecarefully investigatedfor possibleapplica-
tion to the 1976/77missionandas a potential long-leaddevelop-
menttask for the 1980probemission.

Science Procurement Considerations

The Role of the Principal Investigator

The concept of a Principal Investigator for each experiment on the Pioneer
Venus missions is strongly endorsed by the SSG. The Principal Investigator
should assume primary technical responsibility for the development and produc-
tion of the instrumentation for his experiment. He may elect to have the Project
Office assume administrative responsibility for hardware procurement. In some
cases, where instrument-spacecraft interface is close and complex, such as on
the small probes, it may be essential that the instruments be developed as a
single integrated subsystem by the Project Office. This does not, however,
obviate the need for scientific direction of each experiment by a Principal
Investigator.

Parallel Development

In several important areas, the SSG's survey of candidate experiments has
identified more than one instrument approach offering good potential for satis-
fying measurement requirements. In cases where the choice between alternatives
has significant impact upon system design, experiment selection for flight, or
costs, the SSG recommends pursuit of parallel development of the most promising
alternatives to the point where a sound selection can be made.

Cost Considerations

Effective cost management of Pioneer-Venus science requires a comprehensive
program that begins with selection of experiments on the basis of specific and
well defined specifications, and planning on the basis of realistic budgets for
interface and cost, and continues throughout instrument development to final
data analysis. Negotiations for contract or work agreements must, in turn, be
based on realistic budgets, rather than on a concept of setting artificially
low baseline budgets for interface (weight, power, telemetry, etc.) and costs
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in thehopeof holdingdowneventualfinal costs. Onceestablished,suchreal-
istic budgetsmustbestrictly enforced, if necessary, by relaxing the objectives
or testing requirements. In this connection, we call attention to a recommenda-
tion of the NAS Venus Study on "Achievement of Minimum Cost '' and to the cost con-
trol paragraph in Chapter l of this document.

To accomplish the ambitious science objectives of Pioneer-Venus within the

cost constraints, the use of certain nonstandard practices may be necessary.
The Project is urged to evaluate the cost advantages of performing certain engi-
neering tasks in-house at Ames Research Center or other NASA Centers, and to
carefully assess the real need, on this program, of conventional practices whose
value cannot be firmly demonstrated. These latter elenmnts can include nonessen-
tial quality assurance provisions, reliability studies, larqe safety factors in
design and test, unnecessary drawings and documentation.

Testin 9 Procedures for Entry Probes

The large and small probes are specifically atmospheric probes. They are
intended to explore the atmosphere from a pressure level of approximately 50 mb
to the solid surface of the planet. There is, however, no requirement for these
probes to survive on the surface nor even to guarantee instrument survival up to
impact under extraordinary conditions -- such as landing in a deep rift.

We do not anticipate important boundary layers close to the solid surface
and we expect the lower atmosphere to be substantially homogeneous. Thus, while
we place great emphasis on measurements of the atmosphere in the lowest two or
three scale heights, it is not essential to have data from each kilometer of this
region.

As a consequence of these limited objectives, the SSG believes that it is
sufficient to test the probes under conditions substantially equal to the mean
surface temperature and pressure (770°K and I00 atmospheres). (See Appendix 6.)
For example, from the point of view of the scientific return, a probe giving
results to 90 atmospheres would be a complete success even in the absence of
impact. We have no requirement from an atmospheric viewpoint of knowing the
location of the surface to an accuracy greater than it is now known. It is
for this reason that surface approach indicators have been omitted from both
large and small probes.

While surface survival is not a requirement for the mission, it may never-
theless occur for seconds or even minutes. We believe that it is prudent to
take account of this possibility. On the main probe the accelerometer should,
therefore, be designed to have the capability of a mini-seismometer, in accord-
ance with the view expressed in the NAS Venus Study. We have also taken account
of the feasibility of a calibration of the small probe stable oscillator in the
manner of Venera 7. We wish to re-emphasize however that this does not amount
to a requirement for surface survival and that we do not require testing to
pressures or temperatures greater than the mean values.
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Chapter3

1978AND1980MISSIONS

PROPOSEDMISSIONSEQUENCE

Table5 summarizesthe viewsof theNASVenusStudy;however,the launch
dateshavebeenset backoneopportunity. Therationale for this sequenceis
givenin the studyreport andhasbeenreviewedby theSSG.TheSSGmakesthe
followingrecommendations.

(1) WeendorsetheNAS_ecommendationsfor the first threemissions,in-
cludingthe recommendationthat the multiple-probemissionshouldbedualbut
not subsequentlaunches.Wegive details of a typical payloadfor the second,
orbiter mission.

(2) Thethird missionshouldnot involvea redesignedspacecraft.Although
the largeprobein themultiple-probemissionis not requiredto surviveon the
surface, we nevertheless anticipate that it will do so, and that modifications
within the same spacecraft design will give a surface survival lifetime suffi-
cient for planetological experiments. This expectation will be confirmed or
refuted by the 1976/77 mission. The 1980 mission should not be firmed up until
these results are available.

(3) We make no recommendations about the 1982 mission. There is reason
to believe that cooperation with ESRO and with the Soviet space program may
impact planning at this stage.

(4) We strongly support the NAS recommendation that Pioneer-Venus be re-
garded as a continuing program with launches at essentially every opportunity.

(5) The NAS Venus Study states:

"We note that eventually the sequence of controlled and
modest observations can lay the basis for a more an_)itious
series of probes of the orbiter-lander class. We endorse
the concept which the Planetary Explorers (Pioneers) ex-
press of preparing for such an elaborate venture with a
well-thought-out series of preliminary observations car-

iIried out with moderate resources.

We accept this statement as a responsible view both of a mature scientific
program and of the need for program strategies which are compatible with those
of other disciplines, as emphasized by the 1970 NAS study Priorities for Space
Research 1971-1980.
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Table5. SSB(1970)RecommendedSequence

Mission Date Description

1976Multiple-probe

Orbiter

SurvivableProbe

Balloon

1978

1980

1982

Atmosphericemphasis.Duallaunch. Bus,main
probe,andthreesmallprobes.

Aeronomy;particles andfields; imagingand
radar.

Crustalcomposition;seismicity; atmospheric
pressure,temperature,andwinds.

Tentative. Twosets of threeballoonsat
50,500and1200mb.

NOTE:All launchessingleexceptfor 1976.

1978MISSION

The1978orbiter missionwill be the secondof the Pioneer-Venusseries.
Themissionwill consistof a single, spin-stabilized, solar-cell-poweredspace-
craft launchedduringr_ayor August1978by a Delta2914launchvehicle. If
launchedduringMay,the spacecraftwill fly a 200-daytrajectory to Venusand
arrive in December.Thelaunchweightwill beabout625poundsandtheweight
in orbit about415pounds(assuminga 24-hourorbit period). If launchedduring
August,the spacecraftwill fly a 120-daytrajectory to Venusandarrive in
December.Thelaunchweightwill beabout735poundsandtheweightin orbit
about395poinds(assuminga 24-hourorbit period).

ThecruisefromEarthto Venuswill includetwoor threemidcoursemaneu-
versto control the trajectory. Duringcruise, the telemetrybit rate will be
about16bits persecond.Theorbiter experiments will weigh from 50 to 70
pounds and consume about 25 watts of power. The spacecraft will initially be
placed in an orbit with periapsis altitude of about 400 km. Periapsis will move
up and down as the orbit responds to solar perturbations and will be corrected

as necessary to remain within acceptable limits. Data will be stored during
the periapsis phase of the orbit and replayed when the spacecraft is near apo-
apsis or as ground stations are scheduled. The data memory will have a capacity
of about 5 x IO s bits. Data transmission to Earth will be at rates from about
2000 bits per second to 20 bits per second depending on Venus distance from

Earth and the size of the ground receiving antenna used. The design mission
will remain in orbit for one Venus sidereal year (225 days).

We have considered the major scientific questions described in the NAS
Venus Study, Appendix l; the information which is likely to have been gained
from the multiple-probe mission; and the capability of the orbiter spacecraft.
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In ouropinion,the principal objectivesof the orbiter missionshouldbeas
follows:

(I) Globalmappingof the atmosphereandthe ionosphereby remotesensing
andradiooccultationto extendthe informationobtainedon the vertical struc-
ture fromthe entry probemission.

(2) Globalstudiesby "in situ" measurementsof the upperatmosphere,ion-
osphere,andsolar wind- ionosphereinteraction regionto extendandsupplement
the informationobtainedwith the entry probemission.

(3) Studiesof the planetarysurfaceby remotesensing.

A typical payloadcomplementwhichcansatisfy theseobjectives s listed
in Table6. Carewasexercisedin the selectionof theseexperimentsto include
only flight-tested or well-proveninstrumentationin accordancewith the general
missionphilosophy. It is our recommendationthat the orbiter bedesignedto
havea tiltable, despunantennawhichwouldbeusedfor telemetryaswell as
the radioscienceexperiments.Thetotal experimentweightis 81pounds,which
canbeachievedwith anorbit periodof about24hoursandanapoapsisdistance
of 6.6 x 104kmfor a TypeII orbit. It is ouropinionthat this combination
of payloadandorbital parameterswill optimizethesciencereturnof the 1978
orbiter mission.

Theplan for a joint Franco-Sovietmission,whichis to placethree to six
instrumentedballoonsin orbit aroundVenusin 1978,wasbroughtto ouratten-
tion. Whenplansfor this missionfirm up, the additionof a ballooninterro-
gator (approximateweightis I0 pounds)to the orbiter payloadandthe useof
the DLBI/DSNfacilities shouldbeseriouslyconsideredby NASA,becauseof cer-
tain parallel andmutuallysupportingscientific objectivesof the twomissions.

Table6. 1978OrbiterTypicalPayload

WeightI
Instrument Heasurables (Ib)

Radaraltimeter

Bistatic radar2

Twofrequencyoccultation

IR radiometer

Strip mappingof surfaceheightvaria-
tions (andgeopotentialheights),
reflectivity androughness.

Surfaceroughnessona scaleof 3.5
to 13cm;surfacereflectivity at
variousanglesof incidenceand
polarization.

Temperatureandpressuremeasurements
in the loweratmosphere;dispersive
absorptionandscatterinqbyoarticles
in clouds.

Thermalstructureof the atmosphere
abovethe cloudtops.

- 203
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Table6. 1978OrbiterTypicalPayload(Contd)

WeiqhtI
Inst rument t_easurabIes (1b)

Airglowandscattered
solar lightq

Neutralmassspectrometer

Ionmassspectrometer

Thermalandsuprathermal_
chargedparticle detector

Magnetometer

Electric Field Detector6

SolarWindDetector

SolarElectronDetector6

Tynicalmeasurementscouldinclude
oneor moreof the followino: resonant
scatterinqmeasurementsof the lower
atmosphere;resonantscatteringmeas-
ure,_entsto evaluatetheII/Dratio;
generalairglowmeasurements;occulta-
tion measurements.

Neutralatmospherecompositionand
scaleheightmeasurements.

Ion compositionandscaleheiqhtmeas-
urements.

Electronandion temperatureandden-
sity measurements;photoelectron
measurements.

Vectormagneticfield measurements.

ACandDCelectric fields.

Fluxandenergydistribution of the
solar windparticles.

Tracinqsolar electronsto establish
the connectionbetweenthe ionosphere
andinterplanetarymediun:.

lO

gs

7s

6

I Estimated.

2 Thisexperin_ntdoesnot requireanyadditionalpayloadweightbeyondthat
whichis necessaryfor the radaraltimeter.

3 Thisnumberrepresentstheweightincreasedueto the additionof the sec-
onddegreeof freedomto the antennaandthe addedweightof the X-band
transmitter, the radarX- andS-bandreceivers,andotherelectronicsre-
quiredespeciallyfor theseexperiments.

Thesemeasurementsmayrequireoneor moreinstruments.

5 Weightsincludeboomor antennaweight.

6 If the payloadis reduced,theseexperimentsare to beconsideredlower
pri ority.
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TheIR radiometerrepresentsa classof instruments. In its simplestform
it wouldmeasuretotal thermalemissionfromthe clouds. However,vertical tem-
peratureprofiles andcloudtop pressuresare requiredto understandthe 4-day
circulation of Venusandinstrumentationsimilar to that on rlariner9 is desir-
able. However,theweightanddatarate of the IRISinstrumentareprobablytoo
great to beaccommodatedon this mission. Werecommendthat anIR sounderof
sometypebecarriedon themission,providedthat it canbedesignedto be
reasonablyeconomicalin weightanddatarate.

Wehavenot givendetailedpriorities for the instrumentsin Table6, but
weindicate that the Electric Field andSolarElectrondetectorsare less im-
portantthanotherslisted. Weassumethat a moredetailedreviewwill bemade
bya subsequentSSG.

Weconsideredthe relative experimentaladvantagesanddisadvantaqesof
havingthespacecraftspin axisparallel or perpendicularto theecliptic plane.
Wefoundthat theparallel spin axiswouldlikely limit the periodduringwhich
solar windmeasurementscanbemadeandwouldnecessarilyresult in a re-evalua-
tion of the antenna system and the radio science experiments, but that all other
experiments could be used satisfactorily with either orientation. This question
of orientation will therefore have to be re-examined at some later date, but at
this time a spin axis orientation perpendicular to the ecliptic plane appears,
in general, to be preferable.

To extend the range of the "in situ" aeronomy and radar altimeter measure-
ments, it is recommended that the periapsis altitude be maintained as low as
drag and fuel considerations permit. A low altitude periapsis will also improve
the gravitational harmonic and local anomaly studies which use orbit perturbation
data. A slow spin rate is desirable for a number of experiments; therefore, the
slowest safe spin rate, which is a few revolutions per minute, should be selected.
To provide the best possible coverage to both the mapping and aeronomy experi-
ments, a midlatitude periapsis location and a high-inclination orbit are preferred.
However, these orbital parameters can only be achieved via a Type II trajectory
to Venus which would put the periapsis very close to the evening terminator upon
arrival at the planet, and this for many experiments is an undesirable situation.
Therefore, the selection of these orbital parameters should also be re-examined
at a later date, preferably after the selection of the principal investigators,
for this mission.

The data requirements for the orbiter payload, except for the IR radiometer
and the radar altimeter, can easily be accommodated within the on-board storage
capability of approximately 5 x IO s bits, together with real-time communications
rates of the orbiter. Most experiments will concentrate their operation near
periapsis, representing a time interval of a few percent of the orbital period,
thus allowing adequate time for transmission of the accumulated data to Earth.

The IR radiometer and radar altimeter together would require the entire core
storage capability. Their requirement, however, could be met by time sharing;
i.e., allowing alternate orbits to be devoted entirely to the hiqh bit rate
experiments. Because of the slow rotation rate of Venus relative to the or-
bital period (approximately 24 hours) no significant loss of information would
ensue by such a time sharing scheme.
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1980MISSION

Werecommendthat themissionfor the 1980opportunityshouldbeanother
entryprobe. Thischoicepermitsmaximumuseof the results of the first entry
probe mission in redirecting or improving the experiment complement. If the
first entry probe mission should show that the probe can survive for a certain
time at the surface, the 1980 entry probe mission should be modified for extended

life and include simple experiments designed to answer some first-order questions
regarding the planetary surface and interior without the need for a sophisticated
survivable lander design.

Even a very rudimentary measurement of the surface composition would con-
stitute a major advance in knowledge. Some important information on volatiles
should be available from the first probe mission because surface and atmosphere
must be close to chemical equilibrium. A complete chemical analysis, of course,
is greatly to be desired, but information on a few elements such as Si, Mg, Fe,
Ca, and AI; or even Si, Fe, and Ca; or K, U, and Th, would provide information
regarding the differentiation of the planet and its possible bulk composition.
High accuracy is desired but even a I0 percent determination would allow first-
order questions to be answered such as:

(I) Is the planet differentiated?

(2) To what extent?

(3) Can it be chondritic in composition?

In addition to fundamental questions regarding the oriqin and evolution of

the planet, a more detailed surface composition analysis would answer questions
regarding atmospheric-surface equilibrium. A surface composition experiment is
therefore considered high priority and we strongly recommend early action in
defining several possible experiments and initiating development. Because of
technical and budgeting constraints, we urge that attention be directed to the
minimum viable experiment; that is, a lightweight, low-cost instrument that can
survive in the Venus environment.

An inexpensive, short-lived passive seismic experiment can be easily de-
veloped and would provide useful seismic data, in addition to the background
characteristics, if the IPvel of seismicity on Venus exceeds that on the Earth

or the moon. Because of the large mass of the planet, high surface temperatures
and a probability of considerable outqassing, it is reasonable to assume that
Venus is an active planet.

Continuous seismic activity would be an exciting discovery with important
implications and a seismometer miqht also be a useful indicator of wind noise.
We therefore recommend the development of a liqhtweight seismometer that can
operate under Cytherean surface conditions for the order of one hour.

Surface lifetime can be extended by two means; the addition of insulating
and phase change material; and the development of high temperature components.
If the 1980 mission concentrates on lander capability, a large amount of weight
will be available from the small probes. The problem will be to make use of
this available weight without expensive redesign of the large probe. This
factor should be taken into account in Phase B design studies.
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Preliminaryinvestigationssuggestthat manyof thenecessarylandercom-
ponentscouldbequalified for operation at the surface ambient conditions of

Venus. It is recommended that studies be pursued on the feasibility of opera-
ting instruments without thermal protection on the surface. If this capability
can be demonstrated, the possibilities of surface science on Venus might be
greatly extended and would require further study.

On the basis of Soviet experience and our own desiqn studies, we have little
doubt that the first probe mission will demonstrate the possibility of upgrading
the large probe to a lander without expensive redesiqn. If this should not prove
to be the case, however, we recommend a choice between another multiple probe
mission, with variations in the instrument complement, or a dedicated mapping
orbiter. We would delay consideration of a balloon mission until more is known
about the proposed Franco-Soviet initiative in this area.
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Appendix1

FIRST-ORDERQUESTIONS ABOUT VENUS
(R. M. Goody)

The separation into 24 first-order questions is arbitrary and has been
made as a basis for examination of different spacecraft. Pioneer-Venus is not

a transport system to Venus for the sake of independent investigators. It is
intended to address itself to a few grand questions about the planet. The ex-
periments support and complen_nt each other to this end. The following list
gives the 24 first-order questions:

I. CLOUD LAYERS. What is their number and location? Variations over
the planet?

2. CLOUD FORMS. Are they stratiform, cumuli form, or haze?

3. CLOUD PHYSICS. Opacity? Particle sizes? Humber densities?

4. CLOUD COMPOSITION. Chemical composition of the different layers?

5. SOLAR HEATING. Where is the solar radiation deposited?

6. DEEP CIRCULATION. Nature of wind in the lowest 3-4 scale heights?
Is there any measurable velocity near the surface?

7. DEEP DRIVING FORCES. What are the horizontal temperature gradients
in the deep atmosphere?

8. DRIVE FOR 4-DAY WIND. What are the horizontal temperature gradients
in the lO to lO0 mb region?

9. LOSS OF WATER. Has water been lost from the planet? If so, how?

lO. CO2 STABILITY. Why is molecular CO.2 stable in the upper atmosphere?

II. SURFACE COMPOSITION. What is the crustal composition?

12. SEISMIC ACTIVITY. What level?

13. EARTH TIDES. Do they exist and with what amplitude?

14. GRAVITATIONAL MOMENTS. What is the figure of the planet and the
higher moments?

15. EXTENT OF THE 4-DAY WIND. What is the vertical and latitudinal dis-
tribution?

16. VERTICAL TEMPERATURE STRUCTURE. Is there an isothermal region?
there other departures from adiabaticity?
tops?

Are
Structure near the cloud
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17. IONOSPHERICMOTIONS.Couldtheytransportthenight-timeionization?

18. TURBULENCE.Whatis the intensity of turbulencein the deepatmos-
phere.

19. IONCHEMISTRY.Whatis the ionosphericchemistry?

20. EXOSPHERICTEMPERATURE.Howdoesit varyover theplanet?

21. TOPOGRAPHY.Whatfeaturesexist? Howdotheyrelate to thermalmaps?

22. MAGNETICMOMENT.Doestheplanethaveinternal magnetism?

23. BULKATMOSPHERICCOMPOSITION.Whatare the majorgases,downto the
I%level, at different altitudes?

24. ANEMOPAUSE.Howdoesthe solar windinteract with the planet?

Onthe followingpagesof this appendix,a matrixis usedto comparethe
contributionsof the variousVenusmissionsto answeringthese24first-order
questions. Thelast pageof this appendixis a summarychart showingcompara-
tive missioncapability.
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Appendix2

VELOCITIESANDTEMPERATURESEXPECTEDIN THEVENUSATMOSPHERE
(R. M.Goody)

MEASUREMENTS

In middlelatitudes, at theentry point of Venera7, the atmosphereis
closeto adiabatic with a ground temperature approximately 750°K and a pres-
sure of about 90 atmospheres. This close-to-adiabatic state must exist over
the whole planet, from pole to equator and day to night, because the surface
temperature and the temperature of the cloud tops (approximately lO0 mb) do
not vary greatly over the planet. The problem of temperature measurement is
to detect small departures from adiabaticity and small horizontal temperature
variations (along constant pressure surfaces). The most complete analysis of
thermal maps is presented in a paper by R. Goody I.

Equator to pole temperatures are 207°K to 185°K (the absolute calibration
of the radiometer may be poor but the temperature difTerence should be real).
We cannot be certain that the cloud tops are at a constant pressure level;
however, carbon dioxide line profile measurements haw_ not qiven any indica-
tion to the contrary.

According to the thermal radiometric observations, the day-to-night varia-
tion is negative; i.e., night is hotter than day. This difference varies with
viewing angle, but can be as much as 6°K for sub-solar to anti-solar point.

Temperatures at the surface of the planet can be measured by microwave
interferometry according to a paper by A. C. E. Sinclair 2. According to this
paper, an upper limit of 12°K can be placed on equator-to-pole variations. A
significant day-to-night variation of 18.4 + 9.2°K was reported with the maxi-
mum 30°K into the night side from the terminator.

The only data existing with respect to winds is for the 4-day rotation,
which now seems to be reasonably well established. Recent interferometric
observations (Traub, unpublished) indicate an erratic phenomenon. Neverthe-
less, there is a tendency towards a zonal circulation (i.e., parallel to lati-
tude circles), at least in the tropical regions, with a velocity of lOO msec -I
These observations apply to the 200 mb level and above. The rotation is retro-
grade and 30 times faster than the apparent motion of the Sun; it is more than
60 times faster than the apparent motion of the stars. There is no evidence
whether these lOOmsec -l winds exist at levels other than the cloud tops.

Goody, R.: The Structure of the Venus Cloud Veil. Journal of Geophysical
Research, 22, 1965, pp. 5471-5481.

Sinclair, A.C.E.; et al.: Preliminary Report on Interferometer Observa-
tions of Venus at ll.l cm Wavelength. Radio Science, 5, 1970, pp. 347-354.
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THEORYOFTHE4-DAYCIRCULATION

Oneof the latest papers,whichrefers to mostother theoreticalworksof
importance,is written by P. J. Gierasch.3 Accordingto this paperandto those
of SchubertandMalkus,the circulation is a Halleycirculation drivenby the
movingSun. Thompsonviewsthemotionasa non-linearinstability, independent
of the rotation of planet. In the latter case,it is difficult to predict what
mighthappenin the deepatmosphere,but in the formercase,the circulation
will only reachdownto the levels at whichthere is a siqnificant diurnal tern-
peraturechange.

Weknowfromobservationthat thereis only a smalldiurnal changeof tem-
peratureat the cloudtops, andtherefore,the 4-daycirculation maynot pene-
trate at all belowthis level.

Accordingto Gierasch'smodel(whichis not universallyaccepted),the
maximumvelocity of lOOmsec-1 occursat aboutthe 50mblevel andthe tempera-
ture contrastbetweendayandnight sideswill beabout5°K.

THEDEEPCIRCULATION:SIMILARITYARGUMENTS

Becauseso little is knownaboutthe loweratmosphere,it is particularly
valuableto haveinvestigationsbaseduponsimilarity argumentsfor thesedeal
with imposedconstraints,whichmustbeobeyedregardlessof details of the
mechanism.Twoare available.4's Someof the fundamentalassumptionsdiffer
betweenthesetwopapers,andthe results are thereforedebatable.However,
despitequalitative differences,theygive somewhatsimilar numericalvalues
for Venus.

Gieraschet al. s comparethe fundamentalradiative timeconstantfor the
wholeatmosphere(ts) with the lengthof theday(td_y). Theratio ts/tday is
approximately102sothat the maximumdiurnal variatlon, if the solar energyis
sharedthroughouttheatmosphere,is about2°K. This is themaximumat ground
level. At other levels, assumingall the solar radiation is to bedeposited
abovethe level concerned,the amplitudeincreasesinverselyas the pressure,
sincets _ p-1.

Meanvelocities aregivenby
ee RoV_
6e ts

Gierasch,P. J.: TheFour-DayRotationin the Stratosphereof Venus:A
Studyof RadiativeDriving. Icarus, 13, 1970,pp. 25-33.

Golitsyn,G.S.: A Similarity Approachto the GeneralCirculationof
PlanetaryAtmospheres.Icarus, 13, 197_,pp. 1-24.

Gierasch,P. J.; Goody,R.; andStone,P.: TheEnergyBalanceof Planetary
Atmospheres.GeophysicalFluid Dynamics,I, 1970,pp. 1-18.
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where: ee _ 230_Kis theequilibriumtemperature;_eis the temperature
contrast, andR is theradiusof the planet.

0

The temperature contrast is

68 to 21'3

ee t s

where •
R R
0 0

t :

o 4 Ree 2 x 104

where: R is the gas constant.

If all of the solar radiation penetrates to the ground,

68 _ 0.2°K

and V _ 6msec -I

For other conditions,

-2/_ V c_ Po i/35e = Po ,

where: Po is the limit of penetration of the solar enerqy.

Golitsyn's study gives, for similar conditions,

_e _ I°K

and
V _ 40 cm sec -1

Ce = Po- 1/2, V _ PO- 1/2.

Gierasch et al. point to a siqnificant difference between the atmosphere
below and above the clouds. If the solar radiation is all absorbed in the
clouds and if motions distribute the heat, as theory and observation indicate,
there may be an upper "stratospheric" regime in which there are virtually no
horizontal contrasts and no horizontal drives. The question of the 4-day rota-
tion comes in here and has yet to be treated satisfactorily, but as far as
equator-to-pole contrasts are concerned, these authors estimate that a radi-
atively controlled, "stratospheric" regime could start at about 200 mb pressure;
i.e., close to the visible cloud tops.

48



THEDEEPCIRCULATION:HEURISTICMODELS

Themodelof GoodyandRobinson6 wasproposedto understandwhetherthe
deepatmospheremightbeadiabaticwithoutanypenetrationof solar radiation;
i.e., whenall the radiationis absorbedat the cloudtops. Stone'spaperis
anextensionof this work.7 Withoutanysolar penetrationonly veryslow
velocities canbeexpectednearto the surfaceandunmeasurablysmalltem-
peraturecontrasts. Sincebothtreatmentsare two-dimensional,nodistinc-
tion is madebetweenzonalandmeridionalcontrastsandvelocities.

E. deRivas11makescomparisonof cloudtop conditionsfor her numerical
calculationsandthe abovetwopapersin Table7.

Table7. VelocitiesandTemperatureContrastsNearthe CloudTopsfor
Cloud-TopAbsorptionof SolarRadiation

Goodyand
Stone deRivas Robinson

b.l. thickness(km)

horizontalvelocity(msec-I)

vertical velocity (cmsec-I)

temperaturecontrast (°K)

1.0

0.43

0.I

6

1.0

5

1

18

1.2

34

0.12

40

THEDEEPCIRCULATION:NUMERICALMODELS

A fundamentalproblemwith all of these'investigationsis that theycan
only integratefor aboutI00Earthdays. Gierasch,Goody,andStonestressed,
however,that the thermaladjustmenttimefor the loweratmosphereis almost
I0" Earthdays. It is verydoubtfulwhethera usefulresult canbeobtained
froma time-marchingtechniqueunderthesecircumstances.PapersbyS. Hess8
andbyT. Sasamori9 donot giveenoughdetail to determinetemperaturecon-
trasts in the lowerpart of the atmosphere.ASovietgrouphasuseda ter-
restrial weatherpredictionschemeto integratefrom90to 160Earthdays.I0

i0

Goody,R. M.; andRobinson,A. R.: A Discussionof the DeepCirculation
of the Atmosphereof Venus.Ap.J., 146,1966,pp. 339-355.
Stone,P. H.: SomePropertiesof HadleyRegimesonRotatingandNon-
rotating Planets. J. Atmos.Sci., 25, 1968,pp. 644-657.
Hess,S.: TheHydrodynamicsof MarsandVenus.TheAtmospheresof Venus
andMars,Gordon&Breach,NewYork,1968.
Sasamori,T.: A NumericalStudyof theAtmosphericCirculationonVenus.
J. Atmos,Sci., 28, 1971,pp. 1045-1057.
Chalikov,D. V.; et al.: NumericalExperimentsof the GeneralCirculation
of Venus'Atmosphere.Tellus, 23, 1971,pp. 483-488.
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TheSovietgroupuseda two-layermodel,w:th a baseat 80atmospheres,
dividedat 40atmospheres.Their upper-levelresults are thereforefor the
20atmospherelevel while the lower-levelis 60atmospheres.

Twopatternsof solar absorptionwereconsidered.In onecase80%of the
availableradiation reachesthe ground(greenhousemodel). In the othercase,
the radiationis all absorbedin the upperlayer (Goody-Robinsonmodel). The
greenhousemodelwasinvestigatedmoreextensively. Chalikovet al. conclude
that the circulation is symmetricabouttheequatorbut not aboutthe poleof
rotation or thesun-planetdirection andthat the highesttemperatureslag sig-
nificantly behindthe maximuminsolation.

Table8 givesestimatesof the maximumtemperatureexcursions(not to be
confusedwith averageday-nighttemperaturedifferenceswhichareconsiderably
less).

Table8. TemperatureExcursions(°K)

Model Level Diurnal Latitudinal

Greenhouse

Goody-Robinson

Surface

60atmos.

20atmos.

Surface

60atmos.-

20atmos.

2.5

1.4

1.2

rl.25

1.5

0.9

0.6

Thekinetic energyper unit masswasaboutthe samefor bothmodels,cor-
respondingto a horizontalwindof 5.5msec-l. Vertical windshavea maximum
of a fewcmsec-I Deviationsfromadiabaticity in the vertical arenot given
explicitly; however,it is possibleto infer that the derivativesmustbea
fewdegreesper I00 kmor a fewparts per thousandof the adiabaticlapserate.

ThedeRivasstudyis baseduponsphericalcoordinates,but with time-inde-
pendentsolar heatingwith different geometries.II Oneof hermodelsis for a
non-rotatingatmospherewith anoptical depthfor solar radiationof 13.76and
for thermalradiation of 222.0.Thevertical mixingcoefficient is 104cm2 sec-l
Withthesedatathe solar radiationonly heatsthe top I/3 of the atmosphere.In
this regionwindscanbe30msec-I. In the middlelevelswindsare 1 cmsec-I

11 deRivas,E. K.: Circulationof theAtmosphereof Venus.Ph.D.thesis,
MassachusettsInstitute of Technology,1971.
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or less andat lowlevels theyare1 or 2 cmsec-I Horizontaltemperaturedif-
ferencesare 3°Knearthe top, I°K at 25kmandverysmallnearto the surface.
Vertical departuresfromadiabaticity are0.3 to 1.5°Kkm-I in the upperpart
of the atmosphere.

Thismodelwouldnot by itself maintaina deepadiabaticstate, andthere-
fore doesnot simulatethe Venusatmospherewell. Amodelwith K= 103 cm2 sec-I
gavesimilar resultsexceptthat the interior circulation is ten timesstronger;
i.e., aboutI0 cmsec-I.

Finally deRivasconside_a modelwith solar optical depth= 2.3. This
allows6%of thesolar radiation to reachthe surfaceandhencegivesrise to a
substantialgreenhouseeffect. Thehighgroundtemperature,however,requires
dynamicalheatingin additionto radiative anddiffusive heatingto maintainit.
This modelhasrelatively largetemperatureconstrastsevenat the ground
(_ 1.5°K),andthe vertical stratification is almostO.2°Kkm-I. deRivasdoes
not state the valueof thewindvelocities nearto the ground,but theymustbe
I0 to I00 cmsec-I to createthe requiredadvectioneffects.

CONCLUSIONS

(I) Thereare awidevariety of theoriesboth for the four-daycircula-
tion andfor the deepcirculation. A fewwell-conceivedmeasurementsarenow
neededif the subjectis to advancefurther.

(2) Theatmospheredividesnaturally into tworegionsat aboutI00mb.
Abovethis level diurnal andothershort-periodeffects maybe largeanddynam-
ical heattransfer relatively small: the dominantwindsmaybezonal. Below
this level the atmospherehasa very longthermaltimeconstantandcanbecom-
paredto the Earth'soceansasclosely asto the Earth's atmosphere.Theregion
aboveI00mbis abovethe clouds. It canbemonitoredfromsatellites andfrom
the ground.A devicesuchas IRIS,carriedonMariner9, wouldbeideal for
investigatingthis upperregion. Balloonswouldbe thebestwayto measureits
winds. Earlyprobes,therefore,shouldbeoptimizedfor the loweratmosphere,
whichwemaydefineaspressuresabove3 atmospheres.

(3) Thenatureof the circulation dependscritically uponpenetrationof
solar energy. Theneedfor simultaneousmeasurementsof cloudscatteringprop-
erties is clear, andconfirmsthe highpriority of a nephelometeron the small
probes.

(4) Thevertical temperaturegradientmaydepartfromthe adiabaticlapse
rate by asmuchas I%. Thisshouldbemeasurablewith thermometershavinga
sensitivity of O.I°K. Accuracyneednot behighandthe pressure-timerelation-
ship neednot bemeasureddirectly if height-timeis obtainedby radiomethods.

(5) Horizontaltemperaturegradientsmaybesmall. However,if the ground
basedinterferometricmeasurementsarecorrect, wecananticipateup to IO°K
contrastat the surface. Equator-to-polecontrastmaybea few°K. A relative
accuracybetweenprobesof O.5°Kis thereforedesirable. Theabsoluteaccuracy
of temperaturemeasurementneednot behigh: I%shouldbesufficient.
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(6) Furthertheoreticalstudiesareneeded,but thesemustbeof a cli-
matologicalnature(i.e., seekingthe non-linearsteadystate) rather than
usingtimemarchingtechniquesashasbeendonein existingstudies.

(7) Windsat pressuresless than1 atmospheremaybehigh, in the range
I0 to 100msec-I. It seemsprobablethat lower-atmospherewindsarewell below
1msec-I, but greaterthan1 cmsec-I. A precisionof I0 cmsec-I in horizontal
windmeasurementswouldbeof great value. All theoretical treatmentsagreein
predictingsmallaveragevertical velocities in theplanetarycirculation (they
havelittle to sayaboutturbulenteddies). It is not likely that asatisfactory
measurementof the steadyvertical componentcanbemadefromanentry probe.

(8) In accordancewith the above,thespecificationsfor the smallprobes
maybeset as follows. Similaror better performanceshouldbeexpectedof the
largeprobe. Emphasisis onthe regionof pressuresgreaterthan1 bar, and
especiallythe lowest3 scaleheights,0 - 40km. Performanceshouldbeopti-
mizedfor the 20- 40kmregion.

Specifications for Temperature Measurement

Range 400-750 K (possibly 250-750)

Absolute accuracy I_i

Relative accuracy between probes 0.SK

Equivalent of 1 bit O.IK

Lag 0.5 sec

Specifications for Pressure Measurement

Range

Absolute accuracy

Relative accuracy between probes

Lag (for 0.3% accuracy)

3-100 bars (possibly I-I00)

5 _i

0.3 _',

2.5 sec

52



Appendix3

RADIOSCIENCEINTHECONTEXTOFTHEVENUSPROBEMISSION
(G.H. Pettengill)

Thewaysin whichradio measurementsrelate to the studyof the Venus
atmospherediffer substantiallyin the caseof a probemissionascomparedto
anorbiter or fly-by mission. Asthe probemissionis presentlyconstituted,
therewill benooccultationopportunities,andthusnowayto studythe re-
fractive profile of the upperatmosphereandionospherein this direct and
traditional way. Whilerefractive effects will almostcertainly beevident
in the radiosignals receivedfromthe descendingprobes,thesewill, in gen-
eral, bedifficult to distinguishfromperturbationsin the non-ballistic
trajectory of the probeasit drifts throughtheatmosphere.It seemslikely
that the large-scalehomogeneousrefractive effects will ratherbeestimated
fromthe "in situ" measurementsof temperature,pressureandcompositionmade
bythe probeasit descends.Therelatively highfrequencyperturbationsin
the apparenttrajectory maythenbeassignedto atmospheric(refractive) in-
homogenetiesalongthe radiopropagationpath.

A newmethodinvolvingdoublydifferenced,very longbaselineinterfer-
ometry(DLBI)hasbeenproposedasanadjunctto traditional methodsof deter-
miningtrajectory throughthe useof the observeddopplerfrequencyshift. In
this method,the rate-of-changeof the phasedifferencebetweenthe signals
receivedat twowidelyseparatedsites onEarthis interpretedas causedby
motionof theprobein a direction normalto the line-of-sight (andin the
planecontainingthe line-of-sight andsight baselinevector). If this dif-
ferenceis availablesimultaneouslyfor eachof twoseparatetransmitting
sourcesnearVenus,a further differencingof these(a so-calledsymmetric
doubledifference) leadsto a determinationof their relative lateral motion
in whicha numberof sourcesof systematicerror associatedwith oscillator
andpropagationstability havebeenremovedto first order. In this analysis,
pastexperienceindicatesthat the determinationof relative probemotionswill
verypossiblybe limited primarily by intrinsic signal-to-noiseconsiderations.
If this is so, a terrestrial baselineof 8000km,coupledto a phasemeasure-
mentaccuracyof oneelectrical degreeat S-band,for example,permitsdetec-
tion of a relative velocity at Venusof I0 cm/secacrossthe line-of-sight after
anobservinginterval of 40seconds.Systematicerrors appearin secondorder,
of course,andplacelimits to the ultimateaccuracyof the DLBI. Nevertheless,
the accuraciesavailableare certainly significant to the studyof the atmospheric
dynamicsandappearto bedirectly competitivewith other techniquesavailable
suchasonboardwind-drift radar.

Sincethe DLBItechniquemeasuresrelative velocities, the results are more
powerful if at least one source is always visible whose motion is accurately re-
constructable from other data. The best source would be the spacecraft "bus",
moving in a ballistic trajectory outside the atmosphere of Venus. Since the
DLBI technique determines only those components of velocity perpendicular to
the line-of-sight, it is important to be able to determine the component of mo-
tion along the line-of-sight, from doppler shift, for entries occurring away
from the sub-Earth region of the planet where an appreciable part of the hori-
zontal wind velocities show up along the line-of-sight.
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In viewof the measurementpotential of the DLBI,andits intrinsic re-
liability andrelatively lowcost (stemmingfromits 7ocationonEarth),we
recomn_ndthat it be thebasicwindmeasuringsystemfor the Pioneer-Venus
ProbeMission. Tomaximizeits effectiveness,wesuggestthe followingmis-
sion requirements:

(I) Thata transponderbeplacedon the largeprobeto ensurethemaxi-
mumpossibleaccuracyin the determinationof its descenttrajectory.

(2) Thattheentry of thebusinto (andits subsequentdestructionin)
the atmosphereof Venusbedelayedby at leastonehourrelative to the mean
entry timeof the probes. This canbeaccomplishedby useof its attached
rocketmotorfollowingreleaseof the probes. Useof the bustransponder
and,if possible,also its rangingsystemshouldnot beprecludedduring
this terminalphase.

(3) Thata transmissionoscillator beusedwhichwill permitreconstruc-
tion of thefrequencyemittedbyeachsmallprobeto anaccuracyof onepart
in 109. If this is not possible,a usefulwindmeasurementcapability, albeit
at a degradedlevel, will still occurif theemittedfrequencyreconstruct-
ability is adequateto permitobservinghorizontalwindsto anaccuracyof
1 m/sec. (Thecorrespondingfrequencystability requiredhasnotyet been
established.)

(4) Thatthe downlinkfrequenciesof the variousprobesandthe busbe
chosenasclosetogetheraspracticableto minimizeuncompensateddispersive
effects. Theseeffects maydegrademeasurementaccuraciesfor downlinkfre-
quencyseparationsgreaterthanaboutI00 KHz.
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Appendix4

ATMOSPHERICCIIEMISTRY

MASSSPECTROMETRY(U. vonZahn,D. Hunten,J. Lewis)

Measurementsof compositionat variousheightsin the Venusatmospherecan
contributeto a largenumberof scientific objectives:

(I) Informationcanbeprovidedon the origin andevolutionof the plan-
etary system,andparticularly of Venus.Thesensitivemeasurementsareof
someisetopesof the rare gases,andof nitrogenandothervolatiles.

(2) Theheatbalanceof Venus is related to the opacity of clouds and of
possible minor constituents; latent heat of condensation may also be important.
The presence and distribution of these substances should therefore be measured.

(3) Though C02 is probably at least 95% of the atmosphere, the remaining
0-5% needs to be identified.

(4) The nature of the upper atmosphere is determined by a competition be-
tween mechanical mixing and molecular diffusion, which can be represented by
the height of a "turbopause". This height can be measured by comparing the
relative abundances of suitable gases in the upper atmosphere (bus measurement)
and lower atmosphere (probe measurement). Comparison of bus and orbiter meas-
urements can give information on variability of the upner atmosphere. The best
candidate gases are He, N2, and Ar.

(5) Upper-atmospheric temperature profiles can be determined from the scale
heights of individual gases.

(6) A major problem in the upper atmosphere is the unexpected stability of
C02 (or lack of its photolysis products, CO and 0). This problem can be under-
stood, or at least described, by measurements of these gases.

(7) lon-density profiles are far more informative about upper-atmospheric
processes than electron-densit)profiles. They not only tell us about the ion-
osphere; they also permit inferences about the neutral atmosphere from our knowl-
edge of reaction rates, lon measurements may give us the deuterium/hydrogen
ratio much better than neutral measurements, as on Earth.

(8) The possible sweeping away of light constituents by the solar wind
can be studied, particularly by ion measurements at the interface of solar wind
and ionosphere.

For design purposes, the following estimates of possible abundances may be
useful. In the inert category fall the noble gases and nitrogen. Mainly due
to the results of the Venera probes, it is generally accepted that 5% is the
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upperlimit for the abundanceof N2 in the Venusatmosphere.It is, however,
importantto notethat recentmodelsonplanetaryevolutionpredict anabun-
danceordersof magnitudesmallerthanthe abovevalue. Theabundancesof
noblegasesof radiogenicorigin havebeenestimatedI to be: I00ppmfor 4°Ar
and200ppmfor 4He. Predictionsaboutthe abundancesof primordialgasessuch
as 3He,the Neisotopes,36Ar,3BAr,andheaviernoblegasesarealmostimpos-
sible to make.Thebestcandidatesfor a massspectrometricmeasurementappear
to be2°Neand36Ar. Althoughit will beverydesirableto measureadditional
isotopesof Ne,Ar, Kr, andXe,it is felt that a goodmeasurementof 2°Neand
36Arwill answersomebasicquestionsabouttheorigin of theVenusatmosphere.

Estimatesfor the abundancesof gasesin the deepatmosphere,whichmay
formclouds,or contributeto cloudformation,in the middleatmosphere,range
asfollows:

H20 <0.7%,but probablymuchlower

HBr,HI < I000ppm

HCI 1 ppm

HF 0.01ppm

Hg I0-I000ppm

Hgl2 I0 ppm

HgBr I0 ppm

COS 1 ppm

Numerousothergases
Hg2Cl2, CO2, Sb2S3, etc.
the contentionthat FeCI2

are likely contributorsto cloudformation,like HgS,
Thermodynamicandspectroscopicdatadonot support
vaporis importantanywherein theatmosphere.2,3

In additionto gasesalreadylisted abovewhichare reactivebut probably
not cloud-forming,the followingshouldbe included:

C02 > 95%

CO 50ppm,

aswell asH2S,S02andadditionalcompoundsof As,Sb.

Knudsen,W.C.; andAnderson,A. A.: Estimateof RadiogenicHe4 andAr_°
Concentrationin theCythereanAtmosphere.Journalof GeophysicalResearch,
74, 1969,pp. 5629.

Lewis,J. S.: Geochemistryof the Volatile ElementsonVenus.Icarus, II,
1969,pp. 367.

Hunten,D. M.: CompositionandStructureof PlanetaryAtmospheres.Space
ScienceReviews,12, 1971,pp. 539.
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Of the knowngases,the maincontributionsto the IR opacityof the lower
VenusatmospherestemfromCO2 andH20. Theobservedamountsof CO2 andH20,
however,donotyield a highenoughIR opacityto allowa satisfactoryexplana-
tion of the observedblanketing. Thedifferenceis usuallyassumedto bedue
to clouds,but in additionthe massspectrometerwill searchfor additional IR
activegaseswith abundanceshigherthanI0 ppmof CO2. Likely candidategases
areHBr,HI, and,dependingon their actualabundance,COS,H2S,etc.

ORIGINANDCHEHISTRYOFTHEVENUSATMOSPHERE(J. S. Lewis)

Thegeneraldecreaseof densitiesof solid solar systembodieswith increas-
ing heliocentricdistancesuggestsa dependenceof accretiontemperatureondis-
tance,with bodiescloseto the sunformedat rather high temperatures. The tem-
perature of formation influences two observable properties of the planets; the
bulk density and the degree of retention of volatiles. Calculations on the chem-
istry of solar material over wide ranges of temperature and pressure give detailed
predictions of the bulk condensate density and of water and sulfur content which
can be directly compared to observation 4. The volatile content of the earth is
compatible with either an equilibrium origin at approximately 600°K or with
origin at a higher temperature with addition of approximately I% by mass of
volatile-rich material such as type I carbonaceous chondrites.

A model for the bulk composition and volatile content of Venus based on
the equilibrium model suggests essentially zero sulfur content and zero water
content, with a relatively FeO-free mantle and a solid Fe-Ni core. The observed
H20 content of the Venus atmosphere accounts for jO -9 of the mass of Venus,
while no gaseous sulfur compounds (COS, SO2, H2S, etc.) have ever been detected
by Earth-based spectroscopic observations. It is not clear whether this amount
of water (104 times less than on Earth) requires a special explanation, since
a single, large (20 km radius) comet head could supply this amount.

Any chemical equilibrium approach to explaning the observed composition of
the atmosphere in terms of chemical reactions between atmospheric gases and sur-
face minerals shows that sulfur-bearing surface rocks would always give rise to
observable amounts of sulfur gases in the lower atmosphere s . The observational
failure to detect these gases by IR spectroscopy can be interpreted in at least
three ways: (I) Venus contains no sulfur; (2) Venus has differentiated in such
a way as to "bury" all the sulfur; or (3) sulfur is present in the lower atmos-
phere, but precipitates as cloud-forming compounds below spectroscopically
accessible levels.

Any "in situ" mass spectrometric analysis must be directed to answering
three questions. First, the composition of the chemically reactive portion of
the atmosphere (which is in chemical equilibrium with the surface of the planet)
must be determined. Second, the abundances of gases containing elements which
may form clouds must be measured deep in the atmosphere (T = 650 ± IO0°K) below

Lewis, J. S.; Earth Planetary Science Letter, in press, 1972.

Lewis, J. S.: Venus Atmospheric and Lithospheric Composition.
Planetary Science Letter, I0, 1970, pp. 73-80.
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the basesof mostplausiblecloudlayers. Thedeepestpossiblepenetration
into the loweratmosphereis desirable(T _ 700°K). Third, chemically-inert
gasesdiagnosticof theamountof primordialvolatile materialretainedby
Venusshouldbeanalyzedin isolation in a chemicallycleanedsample.

Themostimportantchemicallyreactivegasesto bemeasuredareCO2, H20,
CO,HCI,HBr,HI, HF,COS,H2S,SO2, andcompoundsof As, Sb,andHg. Among
the "inert" gases,r_2, bOAr, _He, and primordial gases such as 3He, 2°Ne, 22Ne,
3_Ar, 3BAr, Kr and ×e, would all be useful. Amonq these the fundamental impor-
tance of sulfur, nitrogen, and light rare gases commend them especially to our
attention.

If it is assumed that several mass-spectrometer analyses at widely separated
altitudes and detailed nephelometer data will be available, then there is no sig-
nificant advantage to attempting direct analyses of cloud particles. Pressure
and temperature profiles combined with available thermochemical data would per-
mit a straightforward calculation of the altitudes at which various components
of the lower atmosphere would saturate.

The dynamic range required of the mass spectrometer is dictated by the ex-
pected abundances of Br, l, S, Hg, As, and Sb in the lower atmosphere. Cloud-
forming condensates with abundances less than 10 -6 of CO2 will be unimportant,
while a terrestrial analogy suggests upper limits of approximately 10 -2 , 10 -3 ,
10 -4 , 10 -3 , 10-3 , and 10 -4 for the respective mole fractions of the elements.
A dynamic range better than 104:1 is required, and lOS:l is a reasonable mini-
mum target.
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Appendix5

MAGNETICMEASUREMENTS(PIONEER-VENUS)
(C. T. Russell)

Magneticfield measurementscanleadto a better understandingof the
Venusinterior, surface,andionosphereandalso provideinformationonthe
solar windinteractionwith the Venusionosphereandonprocesseswithin the
solar winditself. Themeasurementof anoverall planetarymagneticfield
similar to the Earthalthoughnecessarilymuchsmallerin magnitudewould
indicate the existenceof a planetarydynamo.Thepresenceof surfacemag-
netism,similar to the irregular lunarmagneticfield, in addition to pro-
viding informationon themagneticpropertiesof the Venussurfacerocks,
wouldbeevidencefor a primordialplanetarymagneticfield.

Thevertical profile of the ionosphericmagneticfield providesa meas-
ureof the ionosphericcurrentsystem,whichcanbecomparedwith the various
ionosphericmodels. Forexample,thesecurrentsystemsmaydenendon theelec-
tric field of the solar wind, or the ionospheremaybedecouDledfromthis
electric field. A further investigationof this couplingis providedbymeas-
urementsof the magneticfield at the solar wind-ionosphericinterface. A
componentof the magneticfield normalto this interface indicatescoupling.

Outsidethe solar wind-ionosphereinterface, the loss of neutral hydrogen
fromthe upperatmosphereandthe subsequentchargeexchangeandacceleration
of the resulting slowion by thesolar windelectric field will "unfreeze"the
magneticfield fromthe solar windflow. A determinationof the distortion of
the field in this regionwill providea measureof the importanceof the mass
lossprocess.

Awayfromthe planet, the maqneticfield measurementsin conjunctionwith
the solar windmeasurementscanusethe dual launchnatureof the probemission
to measurethe timeevolutionof the interplanetarystructure.

Althoughthis is to a largeextentanexploratorymission,wecanmake
someestimatesas to thesize of fields weexpectto measureandthe resolu-
tion with whichweneedto makethesemeasurements.This is necessaryfor both
spacecraftdesignandto set the magneticconstraintsfor spacecraftsystems.

If wescalethe planetaryfield of the Earthto that of Venusbythe ratio
of their rotation ratesweobtaina field of theorderof lOOx. Direct observa-
tion indicatesthat the planetaryfield maybeevenlower. Modelsof the iono-
sphericmagneticfield give field strengthsfromI0_ to I00_. Thelatter field
strengthrepresentsa field that wouldstandoff the solar wind. Thus,the min-
imumfield strengthin the vicinity of the smallprobesshouldbeof the order
of I0¥. Thefield strengthsfoundthusfar on thesurfaceof the moonrange
from 0 to 300y. It is expected that this is a reasonable estimate for Venus
also, and the small probes should be designed accordingly.
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Lossof accuracyin measuringsmallfield chanqescanoccurif theback-
groundspacecraftfield strengthgreatlyexceedsthe field beingmeasured.
Thisrequiresthe smallprobebackgroundfield to be less thanabout100y.
Owingto the simplicity of the smallprobe,it is believedthat this limit
canbeachievedat acceptableexpensebothparallel to andperpendicularto
the spin axis.

Toremovethe contributionof the spacecraftfield, this mustremain
stable. It is intendedto calibrate thesmallprobefield so that it canbe
predictedto less than10y.

Thebusmagnetometerfinds itself in a differen:-,environment.Theion-
osphericfields havea maximumstrengthof the orderof IQ0_. Thefields in
the interplanetarymediumareof the orderof 5y. Thedeterminationof boundary
normalsrequiresdifferential measurementsto the orderof y/4. Techniques,
however,exist for measuringthe spacecraftfield us_nathe characteristicsof
the interplanetarymedium.Thus,if the spacecraftfield is small (of theorder
of 5y) andstable, it canbe removed.If the spacecraftfield is muchlarger
thanthe interplanetaryfield, thenthe determinationof thesDacecraftfield
becomesinsufficient for reducingthe interplanetarydatato absolutefields.
If the spacecraftfield is not constantfor longperiods,of the orderof days,
this techniquealso becomesless accurate.
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Appendix6

MODELATMOSPHERES

TheSSGhasaddressedthequestionof modelatmospheresfor designof the
Pioneer-Venusprobesandreconm_:ndsthe adoptionof the atmospheresdescribed
in NASASP80011. Thedocumentcarefully reviewsandevaluatesthecurrent
literature on the atmosphereof Venus,with emphasison the spacecraftdata
of MarinerVandthe Veneraprobes. Themodelatmospheresdescribedare con-
sistent with thosedata, aswell aswith the bulk of recentEarth-baseddata
onplanetaryradius, terrain elevations,cloudparticle sizes, andindexof
refraction.

Thesix modelsgivenin the documentexhibit only minordifferencesbelow
120km,but differ significantly in modelingof the turbopauseandexospheric
regions,the latter dependingon the level of solar activity anddayside- night-
side differencesin the ionosphere.Theseupperlevels of the atmosphereare
importantto thedesignof the busandorbiter andtheir experiments,but are
less importantfor the designof the probes. Forthe probes,thesemodelsare
effectively one,havingmostprobablesurfacepressuresupto 97atmospheres
andtemperaturesof 773°K. It is our recommendationthat a probableradiusof
the planet (6050kmbasedonexisting data)bechosenasthe designpoint.

Wehaveemphasizedin Chapter2 of this report that the probemissionis
anatmosphericmissionrequiringonly penetrationnearto the meanplanetary
radius. If the probessurviveto 97atmospheresand773°K,the missionwould
beconsideredcompletelysuccessful. Table9 lists the datafor the recommended
modelatmosphere.

I NASASpaceVehicleDesignCriteria (Environmental)Modelsof theVenus
Atmosphere.NASASP8001,1972.
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